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ABSTRACT 
 
The consequences of maternal prenatal stress exposure of the gestating sow on the 
developing immune system of her offspring is not well understood. There is limited data that 
primarily focuses on the health and well-being of the neonates of livestock animals, principally 
within the swine industry, in relation to the presence of unavoidable production stressors, 
including—but not limited to—weaning, mixing and social hierarchy. Each of the aforementioned 
stressors has been previously shown to affect the health, well-being, performance and productivity 
of sows as well as exacerbate the disease process by compromising the immune system. Thus, 
more information is needed to elucidate the complex relationship between prenatal stressors and 
postnatal immunological competence of the offspring. The objective of this thesis was to assess 
the effects of sow housing environment, social stress, and dietary fiber treatments during gestation 
on the immune and stress responsiveness of their progeny to weaning stress. Piglets were obtained 
from a larger-scale study of a 180 group-housed gestating sows. Briefly, sows were randomly 
allotted to 1 of 2 high fiber gestation diets (1) 30% wheat middlings and 15% soybean hulls (MID-
SOY) or 30% distillers dried grains and 30% corn germ meal (DDG-GM) and to a group pen with 
feeding stalls of either 0.6 m (SHT) or 1.8 m (LNG) in length. Sows were fed dietary treatments 
starting on gestational d 35 and then moved to treatment pens at gestational d 37 and kept until d 
104. On d 37, prior to moving into their experimental pens, a subsample of sows were subjected 
to a dominance test by which we determined a dominance value (DV). Those sows with a high 
DV were labeled dominant (DOM) and those with a low DV were labeled submissive (SUB). From 
both the larger study and the subsample of sows, 40-42 piglets were selected (balanced across 
treatments) based on body weight prior to weaning, with the two heaviest and two lightest piglets 
from each litter being used. All piglets were weaned at 19 ± 2 d-of-age. Blood samples were taken 
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24h prior to weaning, and then 7 and 14 days post-weaning to assess descriptive and functional 
aspects of both innate and adaptive immunity and cortisol. These data revealed that piglets weaned 
from sows fed MID-SOY during gestation had a profile indicative of a skewed TH1 (cell-mediated) 
response, while piglets weaned from sows fed DDG-GM diet were skewed toward TH2 (humoral) 
response. Piglets from sows housed in pens with LNG feeding stalls were better able to cope with 
weaning stress compared to those piglets from sows housed in pens with SHT. Moreover, sow 
social status differentially impact piglet immune responsiveness to weaning stress. Piglets weaned 
from SUB sows had a greater cell-mediated immune response which may have cost them in terms 
of performance because piglets from DOM sows had improved performance. These results show 
that: (1) feeding gestating sows high fiber diets can impact the development and growth of her 
offspring; (2) physical environment of gestating sow (e.g. feeding system) may influence the 
physiological and immunological responsiveness of their offspring to stress; (3) sows social status 
can influence the immune responsiveness of her piglets; and (4) piglets immune and stress 
responsiveness to weaning stress may be affected by the housing environment and dietary 
treatment of their dam. More specifically, sow social rank, diet, and housing environment during 
gestation may ultimately affect the biological responses and consequences of her offspring to 
weaning stress.   
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CHAPTER 1:  
 
REVIEW OF LITERATURE 
Introduction 
The phenomenon by which a stimulus or insult at a critical and sensitive period of early 
life has permanent effects on the structure, physiology, and metabolism of the neonate is known 
as Fetal Programming (Godfrey and Barker, 2001). It is also known that environmental changes 
can reset the developmental pathways during critical periods of life, when the tissues have some 
plasticity and are in a proliferating and differentiating phase (De Moura et al., 2008). This suggests 
that changes in “maternal” factors such as nutrition or exposure to stress may influence the prenatal 
environment and result in fetal adaptations in utero; a theory less explored in livestock species, 
especially swine. This chapter will discuss maternal stress factors which have been found to affect 
the offspring, their effects on the physiological and postnatal development of the offspring and 
sow management practices which could affect the physiological and postnatal development of 
piglets. 
Physiology of Stress 
 In existing literature, stress has a variety of definitions; but, they most commonly refer to 
the physiological responses that occurs when an organism fails to respond appropriately to threats 
(Selye, 1956). In most cases, stress is needed to induce the production of energy, thus allowing the 
organism to overcome psychological or physiological disruptions. However, stress can reach 
chronic and harmful levels which can later lead to deleterious consequences like compromised 
immune function, weight changes or even developmental impairment (Dhabhar, 2002). These 
deleterious actions are referred as distress or the aversive, negative state in which coping and 
adaptation processes fail to return an organism to physiological and/or psychological homeostasis 
(Moberg, 1987; Moberg and Mench, 2000). Using figures 1.1 and 1.2, Moberg and Mench (2000) 
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determined that the transition from stress to distress is shown primarily when an animal begins to 
display those negative impacts on bodily functions in an effort to cope with the stressor, later 
leading to a prolonged recovery period to revert to homeostasis. However, if an animal is 
experiencing distress, then it may not be as apparent as simple behavioral adaptations and could 
be displayed as subclinical pathological changes such as alterations in immune function (NRC, 
2003).		
The Stress Response: An Overview 
In figure 1.3, the animal’s response to stress has been summarized by Moberg (1987) into 
three parts beginning with the recognition of the stressor. According to McEwen (1998), (Moberg 
and Mench, 2000) and Sapolsky (2004), a stressor is any physical or psychological factor that 
disrupts or threatens to disrupt the organism’s homeostasis. Homeostasis refers to when 
physiological constituents, like body temperature and blood pressure, are at their optimal levels 
and can be altered by both the organism’s internal and external environment (i.e. malnutrition, 
social hierarchy, etc.). Thus, when presented with a stimulus—which can be experienced 
psychologically or physiologically—that alters these optimal levels, it is inferred that the animal 
is experiencing stress.  
Next, an animal can elicit allostasis, or a response which maintains homeostasis, to allow 
for the animal to appropriately cope with the stressor or return their biological functions to a set 
point, ensuring survival (Schulkin, 2004). These self-regulating processes include multiple 
behavioral and physiological components, of which, is the hypothalamic-pituitary-adrenal (HPA) 
axis. The HPA axis a physiological response to stress involving interactions among the 
hypothalamus, the pituitary, and the adrenal glands (Rodrigues et al., 2009). This system produces 
stress hormones, such as glucocorticoids, which govern the intensity of the stress response. More 
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specifically, cortisol, a steroid hormone classified as a glucocorticoid, has been shown to be a 
prominent indicator of an individual’s status through its involvement in many pathways, especially 
immunological functions, as well as the stress level of the animal (Webster et al., 2002; Liu et al., 
2007). As illustrated in figure 1.4, once the animal has perceived stress, the hypothalamus releases 
CRH and vasopressin, activating the HPA axis. CRH stimulates the anterior pituitary to release 
corticotrophin, which travels through the bloodstream to the adrenal cortex, where corticotrophin 
then triggers the release of glucocorticoids, such as cortisol, into systemic circulation (Le Dividich 
and Sève, 2000; Kojima et al., 2007; Cooper et al., 2009). This response can lead to multiple coping 
strategies including—but not limited to—behavioral reactions, activation of the sympathetic 
nervous system and adrenal medulla, secretion of stress hormones (e.g., glucocorticoids and 
prolactin), and mobilization of the immune system (Moberg and Mench, 2000). The elicited 
response(s) is/are dependent upon multiple modifiers including (1) previous experience, (2) 
genetics, (3) age, (4) physiological state and (5) the season (Moberg and Mench, 2000), and could 
potentially save the organism from suffering physiological or psychological consequences such as 
impaired cognitive function, weakened immune response or even death.  
Finally, the last part involves the consequences of stress. This determines whether or not 
the animal’s well-being is significantly impacted. Sapolsky (2004) summarizes that the 
consequences of stress can be affected by either (1) the amount of stressors an organism is exposed 
to (frequency, duration and severity); (2) the speed, magnitude and effectiveness of the stress-
response; (3) the resources available to assist in the organism’s ability to cope. It is also entirely 
dependent on the response elicited by the animal which could and can thus can vary from adapting 
their newly altered biological function into a normal elicited function (i.e. increased pacing) or it 
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could very well lead to an animal succumbing to the stimuli by which negative consequences to 
the physiology of the animal occurs. 
Stress and its effects on the immune system 
The immune system is important for removal of foreign material/antigens and initiation of 
defense mechanisms to begin the process of healing (Murphy and Weaver, 2016). These foreign 
antigens can be recognized as external stressors on the animal’s physiology. However, because 
stressors can positively, negatively, or have no effect on the immune status of an animal, stress 
and its effects on the responsiveness of these defense mechanisms are dependent upon the severity 
of the foreign antigen (Jaferi et al., 2003; Mizoguchi et al., 2003; Jarvis et al., 2006; Merlot et al., 
2008). Typically, in response to stress, the animal’s body can enact two defense mechanisms: (1) 
an innate immune response where an antigen, once recognized, is immediately attacked or (2) an 
adaptive immune response where the animal releases immune components to ensure that future 
responses against the specific microbe or antigen are prepped and ready.  
In totality, the immune system is composed a variety of leukocytes such as basophils, 
neutrophils, eosinophils, monocytes, and lymphocytes. Basophils are mediators of inflammation 
that produce histamine, while neutrophils are small phagocytic short-lived cells; eosinophils attack 
multi-cellular parasites in addition to detoxifying histamines from basophils; and monocytes 
circulate in the blood and are long-lived phagocytic cells (Murphy and Weaver, 2016). 
Lymphocytes can be roughly classified as one of two different types of cells: T-cells or B-cells. T-
cells have three specific actions: recognition of the pathogen, initial release of cytokines, and 
destruction of viral infected cells. B-cells produce and release antibodies which bind to foreign 
cells/material, marking the pathogen for phagocytosis (Dranoff, 2004; Velnar et al., 2009), a 
signature of adaptive immunity.  
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These two systems act in concert with one another to ensure the health and prosperity of 
the organism. It is believed that TH1 and TH2 cells need to be balanced in order to maintain 
homeostasis, however, it has been recently found that chronic or long-term stress may induce a 
shift in the balance between the cellular (T-helper-1 [or TH1]-mediated) versus humoral (T-helper-
2 [TH2]-mediated) adaptive immune responses to an antigenic challenge by favoring cytokine 
patterns that enhance antibody production (Agarwal and Marshall Jr, 1998; Marshall et al., 1998; 
Chrousos, 2000). One of the neuroendocrine systems involved in mediating this shift appears to 
be the HPA axis, as glucocorticoids are important determinants of the ultimate balance between 
TH1 and TH2 cytokines (Mason, 1991; Wilckens and De Rijk, 1997; Chrousos, 2000). To further 
explain, an acute stressor could enhance neutrophil counts, but suppress T and B-cells and natural 
killer cell cytotoxicity. While long-term, or chronic, stress can suppress or deregulate the innate 
and adaptive immune responses, such as TH1 and TH2 cell balance, inflammation, and functionality 
of immune cells (Dhabhar, 2014). For instance, it has been exemplified by Salak-Johnson et al. 
(2012) that sows exposed to different space allowances were chronically stressed, which was 
shown to affect their immune measures such as the sows’ ability to enact lymphocyte proliferation 
in the presence of lipopolysaccharide (LPS) and their neutrophil-to-lymphocyte (N/L) ratio.  
Maternal Stress Exposure during Gestation 
Maternal stress during gestation can have both short- and long-term effects on the behavior, 
physiology and performance in the offspring (Weinstock, 1997; Kofman, 2002). Pregnancy has 
been described to cause a multitude of physiological changes in the mother—previously indicated 
as a stress response modifier by Moberg and Mench (2000)—which can lead to an altered stress 
response elicited by the mother. This has been deemed as prenatal stress, or the exposure of an 
expectant mother to distress which can cause stressful life events or environmental hardships (Ruiz 
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and Avant, 2005). The standard dogma associated with fetal programming is higher levels of stress 
hormones signal a more dangerous and/or unpredictable prenatal environment for the fetus 
(Glover, 2011; Sandman and Davis, 2012). It has been assumed that stress hormones such as 
maternal cortisol (and other glucocorticoids) act as a mediator of the mothers’ stress impact on the 
fetuses since it can permeate the placental barrier (Klemcke, 1995), inhibit pro-inflammatory 
cytokine synthesis or even induce the cytokines that have immunosuppressive potential (Wiegers 
et al., 2005). While maternal stress hormones (i.e. glucocorticoids, cortisol) are partially inhibited 
by the placental barrier via 11-beta hydroxysteroid dehydrogenase (11-βHSD2), it has still been 
found that it can affect the offspring in a multitude of ways. For example, stimulation of maternal 
blood cortisol concentration via ACTH (a stress hormone) and restraint stress in pregnant sows 
resulted in offspring with greater adrenal sensitivity and plasma cortisol responses to stressful 
stimuli later in life compared to their control counterparts (Haussmann et al., 2000). Moreover, 
maternal prenatal stress during late-gestation has been found to impair the development and 
reactivity of the immune system of offspring, impact the frequency of disease and mortality, and 
cause physiological alterations of the offspring post-birth (Tuchscherer et al., 2002). For example, 
human and mouse studies have found maternal stress exposure, or treatments by which cortisol is 
administered, can alter fetal growth and have permanent effects on the physiological structure and 
function of the offspring (Jarvis et al., 2006). Fonseca et al. (2002) and Palermo-Neto et al. (2003) 
also found that maternal stress during various periods of gestation in mice impaired macrophage 
and neutrophil functions (i.e. proliferation and phagocytosis) in 2-month-old offspring. Another 
study by Bailey and Coe (1999) found that the exposure of prenatal stressors at a later period of 
gestation led to a decreased T-cell response in 3 day old monkeys when compared to those 
offspring where the stressor was introduced earlier in gestation. In pigs, maternal prenatal stress 
	
7	
	
was found to cause a dysregulation of the HPA axis, impaired immune response, and higher 
morbidities and mortalities during the suckling period (Haussmann et al., 2000) thus proving that 
maternal prenatal stress exposure can influence the offspring’s susceptibility to developmental 
alterations. 
Stressors Associated With Swine Production  
In livestock, neonatal stress is fairly common due to the intensification and constraints of 
common husbandry practices. Piglets can be exposed to conditions that may negatively influence 
neonatal immune responses, with the first weeks of life being the most critical period. Thus, factors 
such as environmental stressors (i.e. temperature, space), common husbandry practices (i.e., 
housing environment, transportation), social stressors (i.e. group housing, social hierarchy) 
management practices (i.e. dietary strategies), and antigenic exposures of sows which may cause 
the sow to elicit a stress response as well as negatively affect the early development of the immune 
system of their offspring (McGlone et al., 1993; Salak-Johnson et al., 1996; Salak-Johnson et al., 
1997; Niekamp et al., 2006; Sutherland et al., 2007). 
Housing Environment 
Husbandry practices vary among the swine industry by which most producers either choose 
gestation (individual) stalls or group housing. According to Barnett et al. (1987), the housing 
environment primarily refers to the pen design upon which swine are housed. The design of the 
pen allows for the producers to have more control	 over pathogen exposure, manual labor 
efficiency, exposure to climatic and environmental conditions and observation of their herds. The 
design of these pens, whether in gestation stalls or group housing, has been researched with regards 
to partition length, space allowance and photoperiod; each of which has been found to affect the 
welfare of pigs. Such is the case where (Barnett et al. (1989); Barnett et al. (1991)) found that 
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insufficient feeding partition length as well as gestation stalls, in general, led to more aggressive 
behaviors and higher concentrations of cortisol. Also, Niekamp et al. (2006)found that 
concentrations of immunoglobulin G (IgG) were found to be lower in sows housed with 8 hours 
of light per day versus those sows housed with 16 hours of light per day. Moreover, it has been 
found that the housing environment of the pig can induce chronic stress responses leading to the 
alteration of the HPA axis’ response to stress. Chronic stress can result in hyper-reactivity of the 
HPA axis; to be specific, the adrenal cortex. This hyper-reactivity later leads to the increase of 
cortisol production in response to acute stressors or to ACTH (Janssens et al., 1994). This is the 
case where studies have shown that space restriction increased the cortisol response of pigs to 
ACTH (Meunier-Salaun et al., 1987; Pearce and Paterson, 1993), which later led to differences in 
coping mechanisms. Salak-Johnson et al. (2014) found that sows that are group-housed at different 
floor-space allowances elicit biologically different allostatic responses to cope with the constraints 
of the different environments. Each of these studies effectively shows the importance of the sow’s 
housing environment in relation to management practices within the swine industry. However, 
they do not accurately display the effects of housing environment stress on the development of 
their offspring.  
Social Stressors 
Establishment of a social hierarchy is inevitable among group-housed sows, but necessary 
to reduce the aggressive encounters among the group. The hierarchy is established after a multitude 
of aggressive encounters occurs amongst unacquainted pigs (Puppe and Tuchscherer, 1994). Often 
these aggressive encounters decrease throughout gestation (presumably due to the establishment 
of social rank), but not for all sows and can thus affect the behavior, physiology and performance 
of those sows (Rushen, 1988). Andersen (1999) found that sows of lower rank had lower feed 
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intake than those sows of higher rank due to aggressive encounters and displacement. Thus, lower 
ranked sows had lower body weight gain and higher incidence of injuries than higher ranked sows 
(Zhao et al., 2013). Hoy et al. (2009) and Zhao et al. (2013) reported that lower ranked sows had 
lower farrowing rates, while higher ranked sows had higher mortality rates, and lower birth 
weights. However, most studies solely focus on the effects of social status on the behavioral 
expression, physiological development, and productivity of sows and not their offspring. In fact, 
the effects of social mixing as a prenatal stressor have currently only been studied in guinea pigs 
and voles (Kaiser and Sachser, 2001; Marchlewska-Koj et al., 2003).  
Maternal Diet 
The intestinal ecosystem represents a complex, interactive environment in which nutrition 
can directly influence development, especially during early stages of life. Development of the 
gastrointestinal tract (GIT), immune system and establishment of microbial ecosystems within the 
gut can all be nutritionally-regulated (Mackie et al., 1999; Isolauri et al., 2001). The GIT develops 
relatively early compared with other organs, and its embryonic, fetal and postnatal development is 
a combination of growth (increase in the mass of tissues and/or in the number and size of cells) 
and of maturation (changes in the structure and function of cells and tissues). The initial 
development and maturation of the fetal gastrointestinal tract is primarily driven by the maternal 
environment via (1) trans-placental transfer of maternal serum, (2) fetal ingestion of amniotic fluid 
in utero, (3) microbial colonization in the neonate during the perinatal period, and (4) maternal 
milk factors (Thum et al., 2012). In pigs, the prenatal development of GI tract occurs mostly during 
the third trimester (Grand et al., 1976; Sangild et al., 2002), therefore much of the internal 
development of the offspring is highly dependent upon nutrition, environment, and other external 
interactions of the dam. The mechanisms partly responsible for fetal programming include 
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alterations in placental growth and vascular resistance, altered nutrient and hormonal metabolism 
in the placenta, and changes in nutrient transfer and partitioning between mother, placenta, and 
fetus (Godfrey et al., 1999).  
To be more specific, the maternal body composition and diet are thought to affect fetal 
development and programming as a result of both the direct effects on substrate availability to the 
fetus and indirectly through changes in placental function and structure (Godfrey and Barker, 
2001). The deliberate modulation of host immunology and/or GI microbiota through dietary 
supplementation with microbiological agents has been suggested as an approach to reducing 
enteric infectious diseases. Recent data have begun to establish the complex interaction between 
microbiota composition and diet and the functional immune system (Fioramonti et al., 2003; 
Geuking et al., 2011; Kamada and Núñez, 2014). Some have suggested that low grade 
inflammation of the intestinal mucosa, common in late pregnancy, may correspond with immune 
activation by increased abundance of bacteria belonging to the Enterobacteriaceae family, thus a 
complex each-way interaction exists between the immune system, the microbiota and elevated 
levels of Enterobacteriaceae may be as both a consequence and a cause of the inflammation (Lupp 
et al., 2007; Winter et al., 2013).  
Furthermore, the effects of individual components of the maternal diet has previously been 
explored. For example, in our laboratory we found that feeding a high-fiber gestational diet to 
sows resulted in a skewed adaptive immune profile compared to sows fed a standard gestation diet 
(no supplemental fiber added; (DeDecker, 2012). Sows fed high-fiber gestational diet had a more 
(P < 0.05) activated adaptive immune response (e.g., T- and B-cell proliferation), but less activated 
innate immune response (e.g., neutrophil function and NK cytotoxicity) compared to sows fed a 
standard gestation diet. Moreover, DeDecker et al. (2014) found that sows fed a high fiber diet 
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while housed with smaller space allotments had greater body condition scores and back-fat depth 
which opposed findings by Holt et al. (2006); implying that the observed differences may have 
been due to the source of fiber. Currently, dried distiller grains with solubles and wheat middlings 
are two very common alternative ingredients used in swine production and are typically used to 
defer the costs of corn and soybean meals for their diets without compromising dietary 
requirements (Benz et al., 2010). Currently, many reported studies show that each of these diets 
impact the growth and performance of adult pigs, but very few data exists that explores their effects 
on the immune competency, performance and productivity of swine offspring (Linneen et al., 
2008; Benz et al., 2010; Jacela et al., 2011; Salyer et al., 2012). All things considered, limited 
amounts of data exist regarding the impacts of fiber on the postnatal development of the offspring, 
especially the above-mentioned common alternative ingredients used in swine production 
practices. Thus, more research is needed to deduce their impacts on the growth and development 
of sow offspring. 
Weaning 
Current research shows weaning results in a brief, but noticeable, change in both body 
weight and cortisol concentrations that usually returns to pre-wean levels by four days post-
weaning (Le Dividich and Sève, 2000; Kojima et al., 2007; Cooper et al., 2009). Conversely, it is 
estimated that by the end of the first week post-weaning, metabolizable energy (ME) intake is 
about 60-70% of pre-weaning milk intake and that it takes approximately two weeks post-weaning 
to achieve full recovery to the pre-weaning ME intake level (Spreeuwenberg et al., 2001). 
Nonetheless, the introduction of this stressor to young piglets can lead to a deterioration of certain 
immune parameters, thus endangering the whole immune system of the piglet. This is exemplified 
by Sutherland et al. (2007) where during the post-weaning period, the lymphocyte proliferative 
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ability of the piglets were shown to have decreased. Blecha et al. (1983) where the cellular immune 
components of the immune system decreased at the onset of weaning; thus implying that they may 
be more susceptible to pathogenic viral challenges.  
Furthermore, as weaning stress impacts both structural and functional aspects of the 
immune response, the GI tract can also be major organ that is also negatively impacted; more 
specifically, the ability of the piglet to regulate its metabolism. For instance, pro-inflammatory 
cytokines regulate both immune function and growth or metabolic processes as well as maintain a 
profound influence on the permeability and transport of nutrients through the epithelium (Johnson, 
1997; Spurlock, 1997; McKay and Baird, 1999). However, the weaning process, once introduced, 
can cause a modification in the piglet’s ability to metabolize amino acids appropriately (Montagne 
et al., 2007), leading to inadequate performance, productivity and growth (via protein synthesis 
and tissue deposition).  
Moreover, weaning stress is associated with an up-regulation of pro-inflammatory 
cytokines and may result in reduced performance later in life as well as play a role in post-weaning 
diarrhea. To further illustrate, Pié et al. (2004) reported an increased incidence of TNF-α 
expression in the proximal and mid intestine followed by increases in the distal small intestine and 
proximal colon in response to weaning stress. Therefore, the reduction of post-weaning stress and 
its effects on the piglet growth, development and its influence on the immune response is of high 
importance for improving the health and welfare of the piglet. 
Conclusions 
In summary, the first weeks of life constitute the most critical period for piglets, since they 
can be exposed to conditions that negatively influence neonatal immune responses, thereby 
compromising the piglet’s ability to resist and combat pathogenic challenges. Factors such as 
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environmental stressors, management practices and antigenic exposures of sows each may 
negatively affect the early development of the piglet’s immune system, with a probable increase 
in susceptibility to infection or disease and a reduction in growth and performance. Neonatal stress 
in livestock is fairly common due to the intensification and constraints of common husbandry 
practices. While the responsiveness of the progeny during the gestational, neonatal and postnatal 
periods are extensively documented in rodents and humans, the consequences of  maternal prenatal 
stress exposure on the developing immune system of livestock, especially swine, are not 
completely understood (Matthews, 2002; Veru et al., 2014). Hence, because of this scarcity, 
maternal prenatal stress exposure and its effects on the immune responsiveness of sow progeny 
should be further explored to ensure their health and well-being. Thus, methods that alter the 
immune-responsiveness of all piglets will increase their rate of survival and enhance their growth 
response and ultimately improve their overall health and well-being.  
 
  
	
14	
	
TABLES AND FIGURES 
 
 
 
 
 
  
Figure 1.1: During mild stress, only reserve resources are used to cope with the 
stressor. The total stress response extends from the time biological resources are 
diverted until the reserves have been replenished. (Moberg, 2000) 
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Figure 1.2: A hypothetical scheme of how the diversion of biological resources 
necessary to cope with severe stress significantly impairs other biological functions, 
leading to distress. The biological cost of distress requires a much longer recovery 
period than that of mild stress (Moberg, 2000). 
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Figure 1.3: The biological response of animals to stressor presentation (Moberg, 
1987) 
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Figure 1.4: The hypothalamic-pituitary-adrenal (HPA) axis’ response to the 
onset of stress (Moberg, 2000). 
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CHAPTER 2:  
 
A PILOT STUDY ON THE EFFECTS OF GROUP-HOUSED GESTATING SOW 
NUTRITION AND ENVIRONMENT ON PIGLET IMMUNE RESPONSIVENESS TO 
WEANING STRESS 
	
ABSTRACT 
 This study assessed the effects of dietary treatment and housing environment of gestating 
sows on immune and endocrine responses of their piglets to weaning stress. Briefly, sows were 
randomly allotted to 1 of 2 high fiber gestation diets (1) 30% wheat middlings and 15% soybean 
hulls (MID-SOY) or 30% distillers dried grains and 30% corn germ meal (DDG-GM) and to a 
group pen with feeding stalls of either 0.6 m (SHT) or 1.8 m (LNG) in length. Sows were fed the 
diets on gestational d35 and moved to assigned group pens at d37 and kept until d104. Forty piglets 
were selected from this large scale study of 180 sows (balanced across treatments) based on piglet 
body weight at birth, hence the two heaviest and two lightest piglets per litter and were weaned at 
19 ± 2 d-of-age. Blood samples were used to assess descriptive and functional aspects of both 
innate and adaptive immunity and cortisol. Interactive effects of diet × stall length included total 
neutrophils (P = 0.04), total IgG (P < 0. 01) and IgG1/IgG2 ratio (P < 0.01) being greater for 
piglets born to sows fed DDG-GM and kept in pens with LNG stalls during gestation. These same 
piglets also tended to have greater IgG1 concentration (P = 0.09). ConA-induced proliferation (P 
= 0.05), total IgM (P = 0.02) and weight gain during the recovery period (P = 0.05) was greater 
for piglets born to sows fed MID-SOY and kept in pens with LNG stalls while birth weights (P = 
0.04) were greater in piglets born to sows fed MID-SOY and kept in pens with SHT stalls during 
gestation. The main effects of diet and feeding stall length included percentages of monocytes (P 
= 0.04) being greatest for piglets born to sows fed MID-SOY during gestation. LPS-induced 
proliferation (P < 0.01), cortisol (P < 0.01) and pre-wean weights were greater in piglets born to 
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sows fed DDG-GM during gestation. Neutrophil counts (P < 0.01), neutrophil-to-lymphocyte 
(N/L) ratio (P = 0.01), total IgG (P < 0.01) and IgM (P < 0.01) were greater in piglets born to 
sows housed in pens with LNG stalls. These data revealed that piglets from sows fed MID-SOY 
during gestation had a greater association with the cell-mediated immune response while piglets 
from sows fed DDG-GM were most connected with a humoral immune response. Additionally, 
piglets from sows housed in pens with LNG stalls acclimated better to acute stress than their SHT 
stall counterparts. 
Key words: adaptive immunity, gestation, innate immunity, piglet, weaning 
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INTRODUCTION 
Maternal stress during gestation, depending on the nature, intensity and duration of the 
stressor, may influence the physiological development of their progeny. Despite gestational effects 
being highly varied, it is well-known that high levels of stress hormones can signal a more 
dangerous and/or unpredictable prenatal environment for the fetus (Del Giudice, 2012). In pigs, 
common and unavoidable production stressors including—but not limited to—weaning, mixing, 
and social stress may exacerbate the disease process by compromising their immune system 
(Hoskinson et al., 1990; Tuchscherer et al., 2002). It is plausible that maternal challenges may 
negatively impact the immune system of the neonate which may ultimately impact their 
immunological responsiveness to these common unavoidable stressors, thus compromising their 
well-being (Bakker et al., 1998; Haussmann et al., 2000; Otten et al., 2007). This is best 
represented by Fonseca et al. (2002) and Palermo-Neto et al. (2003) who found that maternal stress 
during various periods of gestation in mice impaired macrophage and neutrophil functions in 2-
month-old offspring. In pigs,  maternal prenatal stress was found to have caused a dysregulation 
of the HPA axis, impaired immune responses, and higher mortalities during the suckling period 
(Haussmann et al., 2000). However, due to limited existing data, it is essential to elucidate the 
complex relationship of maternal stress on the responsiveness of their offspring to stress in the 
short- and long-term. Therefore, the present study assessed the effect of feeding gestating sows 
modified high fiber diet of either 30% soy hulls-15% wheat middlings; MID-SOY or 30% dried 
distiller grains-30% corn germ meal; DDG-GM and housing sows in groups pens with feeding 
stalls of either 0.6 m (SHT) or 1.8 m (LNG) in length on the stress responsiveness of their offspring 
to weaning stress using multiple immune, endocrine and performance measures.   
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MATERIALS & METHODS 
Animals 
Sow Gestational Treatment 
The University of Illinois Institutional Animal Care and Use Committee approved the 
animal protocol of this experiment. Piglets used in this study were obtained from a larger scale 
study of a 180 sows (n = 46 gilts; n = 134 multiparous sows) derived from Genetiporc and housed 
at the University of Illinois Swine Research Center. These 180 sows were randomly assigned to a 
2 x 2 factorial design across 5 blocks. Sows were randomly allotted to high fiber gestation diet of 
either: (a) 30% wheat middlings and 15% soybean hulls (MID-SOY) or (b) 30% dried distiller 
grains and 30% corn germ meal (DDG-GM) and to a group pen at floor space allowance of 1.7 m2 
(n = 9 sows/pen/treatment) fitted with feeding stalls of either 0.6 m (SHT) or 1.8 m (LNG) in 
length. All sow treatment groups were balanced for sow body weight (BW), back-fat depth (BF), 
and parity. Each sow was fed once a day at 0630 h in individual feeding spaces and had access to 
individual water nipplers. To ensure the diets were isoenergetic and isonitrogenous, sows were fed 
2.23 kg (MID-SOY) and 2.10 kg (DDG-GM) per sow from gestational d 35 to 90 and then 3.57 
kg (MID-SOY) and 3.37 kg (DDG-GM) from gestational d91 until moved to farrowing (d 104). 
Once sows were moved to farrowing crates, sows were fed a standard lactation diet. All diets were 
formulated to meet or exceed nutrient requirements (NRC, 2012; Table 2.1). 
Piglet Selection 
Forty piglets were chosen for this study. Piglets were selected based on body weight (2 
heaviest, 2 lightest) prior to weaning and were weaned at 19 ± 2 d-of-age. Blood samples were 
obtained via jugular venipuncture at 24h pre-weaning, 7d and 14d post weaning (20d-, 28d-, and 
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35d-of-age, respectively). Blood samples were used to assess descriptive and functional aspects of 
both innate and adaptive immunity. Other performance measures were taken. Litters were 
processed using standard operating procedures of the University Of Illinois Swine Research Center 
with males being castrated at the time of processing. 
Sample Collection and Analysis 
Blood samples (3 to 30 mL) were obtained from piglets via vena-puncture using sodium 
heparin or EDTA Vacutainers® or syringes at specific time points described in the experimental 
design section. Piglets were placed in a V-trough and restrained by hand during the blood 
collection procedure. Samples were collected within 1 minute of initial restraint to reduce restraint-
related increases in cortisol concentration. All samples were collected at the same time of day 
(0500 h) unless otherwise noted. Plasma and serum samples were stored at –80°C for later analysis.   
Leukocyte Differentials and Whole Blood Culture Analysis 
For differential leukocyte counts, 10 µl of whole blood was used to make blood smears. 
Slides were fixed in methanol, stained with Hema-3® staining system (Fisher Scientific, Houston, 
TX) according to the manufacturer’s directions. One hundred leukocytes were then counted using 
light microscopy at 100X total magnification. The leukocytes counted included: monocytes, 
lymphocytes, neutrophil, eosinophils, and basophils. Moreover, neutrophil populations was further 
classified into bands (immature) and segmented (mature) neutrophils (Figure 2.1).   
Total white blood cell (WBC) counts were electronically assessed using a Coulter Z1 
particle counter (Beckman Coulter, Indianapolis, IN). For each sample, 10 µL of whole blood was 
added to 10 mL of Isoflow (Beckman Coulter), then Zap-O-Globin (Beckman Coulter) was added 
to lyse the red blood cells. Six mL of whole blood was layered over 3 mL of Histopaque 1077 
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(density= 1.077 g/mL; Saint Louis, MO) and 3 mL of Histopaque 1119 (density = 1.119 g/mL; 
Sigma-Aldrich). Samples were then centrifuged at 1840 rpm for 30 min at 25 °C. Plasma was 
aspirated and transferred to Eppendorf tubes and stored at -80 °C. Lymphocytes were removed 
from the 1077 layer and added to 5 mL of RPMI (Gibco; Carlsbad, CA). Neutrophils were removed 
from the 1119 layer and placed in a 50 mL conical tube. The neutrophils were washed three times 
with RPMI and centrifuged at 200 x g for 10 minutes at 4°C and then re-suspended in PBS (Fisher 
Scientific). Neutrophils were counted using a particle counter and cell concentration was adjusted 
to 3 x 10⁶ cells/mL.  
The mixed-lymphocyte population was centrifuged at 1500 rpm for 15 min at 4°C, 
supernatant was aspirated, and then cell pellet was re-suspended in 2 mL of RPMI. Mixed cell 
suspension was transferred to a petri dish containing 10 mL of 5% Fetal Bovine Serum (FBS; 
Sigma-Aldrich) and incubated for 2 h at 37 °C and 5% CO₂. After 2-h incubation period, 
nonadherent cell mixture was collected, Petri dishes were washed with 5 mL of RMPI, and then 
nonadherent cell mixture was centrifuged at 1500 rpm for 15 min at 4°C. Cell pellet was 
resuspended in 1 mL of RPMI and counted using cell particle counter and cell concentration was 
adjusted to 5 x 10 ⁶ cells/ mL with 10% FBS/ RPMI. 
Lymphocyte Proliferation Assays 
The mitogen-induced lymphocyte proliferation assay (LPA) was performed using a 
CellTiter 96 nonradioactive cell proliferation assay (Promega, Madison, WI) following the 
manufacturer’s protocol, with minor modifications. Briefly, porcine lymphocytes were adjusted to 
5 × 106 cells/mL in RPMI plus 10% FBS and placed in triplicate into a sterile 96-well flat-bottom 
plate. The mitogen concanavalin-A (ConA; Sigma-Aldrich) was added at 0, 2, and 20 µg/mL to 
stimulate T-cells and lipopolysaccharide (LPS; Sigma-Aldrich) was added at 0, 5, and 50 µg/mL 
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to stimulate B-cells. The plates were incubated for 72 h at 37°C under 5% CO2 in a humidified 
incubator. Twenty microliters of MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium 
bromide; Sigma] were added to each well, and the plates were incubated for 4 h. Acidified 
isopropanol (100 µL of 0.1 N HCl in anhydrous isopropanol) was added, and the plates were 
incubated overnight at 37°C and then read using a microplate reader (BioTek Instruments) at a 
wavelength of 550 nm with a reference wavelength of 690 nm. The results were expressed as a 
proliferation index (PI): Inter- and intra-assay CV were 8.6% and 5.8%, respectively. 
 
𝑃𝐼 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑂𝑝𝑡𝑖𝑐𝑎𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙𝑠𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑂𝑝𝑡𝑖𝑐𝑎𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑁𝑜𝑛 − 𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙𝑠 
Cortisol Assays 
Plasma cortisol concentrations were measured using a validated RIA kit (MP Biomedicals, 
Santa Ana, CA) by following the manufacturer’s protocol with a slight modification. To remove 
biologically active steroids, reduce variability and cross reactivity with other metabolites, Charcoal 
Dextran was used to strip pooled samples of piglet plasma. Then, 390 µL of stripped plasma and 
10 µL of a cortisol standard in phosphate-buffered saline (10 µg/mL) were used to create 
concentrations used for the standard curve, which were 0, 78, 156.25, 312.5, 625, 1250, and 2500 
ng/mL. Twenty-five µL of plasma or standard was added, in duplicates, to antibody coated tubes 
and then 1 mL of I125 cortisol was added. Tubes were placed in a water bath at 37°C for 45 minutes. 
After the incubation period, the liquid was aspirated and samples were counted using a gamma 
counter. Inter- and intra-assay CV were 7.4% and 5.2%, respectively, and sensitivity was 3 pg. 
Immunoglobulin Assays 
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Total plasma IgG was measured using an Indirect Competitive Enzyme Linked 
Immunosorbent Assay (ELISA) previously described by our lab (Sutherland et al., 2005; Niekamp 
et al., 2006; Salak-Johnson et al., 2012) with a slight modification. Briefly, porcine plasma samples 
were diluted 1:3,000 in 0.05% Tween-PBS. In duplicate, 120 µL of diluted sample or standard was 
added to 96-well microtiter plates coated with porcine IgG (Jackson ImmunoResearch, West 
Grove, PA). Goat Anti-Swine IgG (120 µL; Sigma, St. Louis, MO) was added and plates incubated 
for 2 h at 25°C and then washed 3 times with 0.05% Tween-PBS. Enzyme-linked Rabbit Anti-
Goat IgG (200 µL; Jackson Immunoresearch) was added at a dilution of 1:7,500. Plates were 
incubated for 1 h, decanted, and then washed 3 times. Substrate solution (200 µL; 1 mg of p-
nitrophenyl phosphate/mL; Sigma-Aldrich) was added, and after a 30-min incubation, the reaction 
was stopped with 100 µL of 2M NaOH. Plates were read using a microplate reader (BioTek 
Instruments, Winooski, VT) at wavelength 405 nm. A standard curve (0, 0.78, 1.56, 3.125, 6.25, 
12.5, 25, and 50 µg of IgG/mL) was used to estimate total plasma IgG. 
Subclasses of IgG1, IgG2, and isotype IgM were also measured using the ELISA Capture 
Assay method. Briefly, the 96-well microtiter plate was coated with Mouse Anti-Swine IgG1 (AbD 
Serotec, Oxford, UK), IgG2 (AbD Serotec, Oxford, UK) or IgM (BD Biosciences, , San Jose, CA) 
antibody in carbonate buffer (0.1M, pH 9.6) and incubated overnight at 4 °C. Plates were washed 
three times with 0.05% PBS-Tween to eliminate nonspecific binding and reduce background, 
aspirated and stored (if needed for later use). In duplicate, 100 µL of diluted samples or standards 
were then added to the 96-well microtiter plate and left to incubate for 1h at 25°C. After 1h, 
Enzyme-Linked Goat Anti-Mouse (AbD Serotec, Oxford, UK) was added and plates incubated for 
1h at 25°C. After 1h of incubation, the plate was washed 3 times with 0.05% Tween-PBS and then 
100 µL of p-NPP Substrate Solution (1 mg of p-nitrophenyl phosphate/mL; Sigma-Aldrich, St. 
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Louis, MO) was added. After 30 minutes of incubation in the dark at 25°C, the reaction was 
stopped with 50 µL of 2M NaOH). Plates were read using a microplate reader (BioTek 
Instruments, Winooski, VT) at wavelength 405 nm. A standard curve (0, 0.78, 1.56, 3.125, 6.25, 
12.5, 25, and 50 µg of Antibody/mL) was used to estimate concentrations of IgG1, IgG2, and IgM. 
The ratio of IgG1/IgG2 was calculated as well. Inter- and intra-assay CV were 8.1% and 3.2%, 
respectively. 
Performance Traits of Piglets 
Performance measures included the individual averages of piglet birth weight, 24h pre-
wean weight, 7d post-wean weight, and 14d post-wean weight. The average weight of piglets 
birth+d20+d28+d35
4
, weight gains between measurement periods: period 1 = (24h – birth), period 2 = 
(7d – 24h), period 3 = (14d – 7d) and total weight gain (period 1 + period 2 + period 3).  
Statistical Analyses 
Statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). All traits were 
analyzed for normality and a logarithm transformation was applied to all traits deviating from a 
normal distribution. A linear mixed-effects model was used to analyze immune and productivity 
measures and determine the main effects of sow gestational treatments at each time point. The 
model included all possible 2- and 3-way interactions of the fixed effects of diet (MID-SOY or 
DDG-GM), stall length (LNG or SHT), day (24h, 7d, 14d) as a repeated measure and their 
interactions of diet × stall length and diet × stall length × day. The random effect of group was 
included within the model to account for the potentiality of any environmental and management 
differences of the sows. The first objective utilizes the sow as the experimental unit while the 
second objective utilizes the piglet as the experimental unit. Lastly, least-squares means (LS-
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means) and standard error of the means (SEM) were computed for each effect in the model and all 
pair wise differences of these LS-means were tested using the post-hoc Tukey-Kramer’s multiple 
comparison test. Effects and differences were recognized as significant if P ≤ 0.05 and trends were 
discussed at P ≤ 0.10.  
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RESULTS 
Interactive Effects of Diet × Feeding Stall Length  
Average values of the interactive effects of sow gestation treatments on piglet leukocyte 
populations, lymphocyte proliferation and cortisol concentrations are presented in Table 2.2 and 
immunoglobulins are presented in Table 2.3. Average total neutrophil population (P = 0.06) 
tended to be greater for piglets born to sows fed DDG-GM and housed in pens with SHT stalls 
during gestation than piglets born to sows fed MID-SOY and housed in pens with SHT (Table 
2.2). Average ConA-induced proliferation (P = 0.05; Table 2.2), average total IgM (P = 0.02; 
Figure 2.3) and weight gain between the 7d post-weaning and 14d post-weaning recovery period 
(P = 0.05; Table 2.4) was greater for piglets born to sows fed MID-SOY and kept in pens with 
LNG stalls. Average total plasma IgG (P < 0. 01; Figure 2.3) and average IgG1/IgG2 ratio (P < 
0.01; Figure 2.4) were greater for piglets born to sows fed DDG-GM and housed in pens with 
LNG stalls during gestation and average concentrations of IgG1 (P = 0.09; Figure 2.4) also tended 
to be greater for these piglets compared to piglets born to sows of other treatment combinations. 
Piglets born to sows who were fed MID-SOY and housed in pens with SHT stalls had the greatest 
mean birth weights (P = 0.04; Figure 2.2).  
Main Effects of Diet and Stall  
Main effects of gestational diet and feeding stall length on piglet leukocyte populations and 
lymphocyte proliferation are presented in Table 2.5 and immunoglobulins are presented in Table 
2.6. Piglets born to sows fed MID-SOY during gestation had greater mean percentages of 
monocytes (P = 0.04; Table 2.5) and mean conA-induced proliferation indices (P < 0.01; Figure 
2.5) than piglets born to sows fed DDG-GM during gestation. Conversely, piglets born to sows 
fed DDG-GM during gestation had greater mean LPS-induced proliferation index (P < 0.01; 
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Figure 2.5), mean cortisol (P < 0.01; Figure 2.6) and average pre-weaning weights (P = 0.02; 
Table 2.7) than those piglets born to sows fed MID-SOY during gestation. With regards to feeding 
stall length, piglets born to sows housed in pens with LNG feeding stalls during gestation displayed 
higher mean neutrophil populations (P < 0.01; Figure 2.7) and mean N/L ratio (P = 0.01; Figure 
2.7) than did the piglets born to sows in pens with SHT stalls.  
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DISCUSSION 
For piglets, components of the immune system are considered to be functional at birth, but 
the adaptive immune components are less efficient during their first month of life (Hammerberg 
et al., 1989; Matteri et al., 1998; Niekamp et al., 2007). Therefore, the present study was designed 
to assess the impact of feeding group-housed gestating sows high fiber gestation diets using a 
competitive feeding system on the immune status and stress responsiveness of the offspring. These 
preliminary findings indicate that it may be plausible to affect the immune status of piglets by 
feeding sows high fiber diets during gestation and that the stress associated with a competitive 
feeding system can also impact their immune responsiveness to weaning stress in the long-term. 
More specifically, the reported lower cortisol levels and higher ConA proliferation indexes 
indicate that piglets born to sows fed MID-SOY during gestation had an active T-Helper 1 (TH1) 
active immune profile which allowed for them to partition their energy reserves to the immediate 
mitigation of the negative consequences of stress which is best seen in their performance data. 
This contrasts those piglets from sows fed DDG-GM during gestation as their total IgG and higher 
LPS proliferation indexes is strongly indicative of a TH2 active immune profile. This profile may 
require an extensive amount of energy to elicit which would explain their higher levels of cortisol. 
However, if this the case, then it could be inferred that their energy was mostly allocated towards 
the production of those immune components and not towards their growth and development. 
Piglets born to sows housed in pens with LNG stalls during gestation enacted a response indicative 
of the onset of acute stress resulting in higher cellular populations as well as positively influencing 
components of the adaptive immune response. This would also explain their overall greater 
concentrations of cortisol as enacting both responses may require extensive amounts of energy; 
however, their overall greater piglet performance measurements indicate that they were able to 
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partition their energy reserves toward both protection and growth. Conversely, those piglets from 
sows housed in pens with SHT stalls conveyed an overall lower immune responsiveness prior to 
and at the onset of the stressor. While they may have been able to rebound in their performance 
post-weaning, these data imply that these piglets are comparatively far more susceptible to 
challenges later in life. This is the especially true for piglets born to sows fed DDG-GM and housed 
in pens with either SHT or LNG stalls as they are observed to be more impacted by the onset of 
the stress and weighed less than their MID-SOY counterparts (Bauer et al., 2001; Stowell et al., 
2001). These results imply that the gestation diet fed to sows and the housing environment they 
gestate in may have a profound effects on immune development of their progeny as evidenced by 
differential profiles of various aspects of both innate and adaptive immune traits (e.g., 
immunoglobulin class, proliferative response) as well as immune responsiveness to weaning stress.  
In piglets, weaning stress often causes an increase in circulating total white blood cells 
(WBC), percentages of neutrophils and monocytes, and an increase in neutrophil-to-lymphocyte 
(N/L) ratio (Kojima et al., 2007; Cooper et al., 2009; Jenkins et al., 2009; Bomba et al., 2014). 
Initially, all piglets within the study were observed to prominently display an innate immune 
response. However, piglets from sows that were fed either DDG-GM during gestation or from 
sows housed in pens with LNG feeding stalls had a greater acute stress response in response to 
weaning as indicated by higher neutrophil counts and N/L ratio implying that these piglets had an 
active cellular immune response. Conversely, piglets from sows fed MID-SOY during gestation 
had a proficient T-cell response as indicated by the higher ConA-induced lymphocyte proliferative 
response. This outcome contradicts findings from Li et al. (1990) and Liu et al. (2007) who 
indicated a reduced response when weaned piglets were directly fed soybean meal diets. 
Conversely, both the piglets from sows fed DDG-GM during gestation and piglets from sows that 
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gestated in pens with SHT feeding stalls, at the time of weaning, seemingly did not have the 
biological resources to appropriately cope with the negative effects of weaning stress (Maes et al., 
1999; Peters et al., 1999; Dhabhar, 2002). When considered in conjunction with the observed 
average weaning weight and weight gain seven days post-weaning, piglets born to sows fed MID-
SOY during gestation seemed to repartition their energy reserves to growth and performance and 
were more easily able to acclimate to the stressful situation by eliciting an appropriate immune 
response and reducing the negative consequences to performance. Furthermore, it is plausible that 
the differential responses to weaning stress reflected the fact that piglets born to sows fed DDG-
GM during gestation and piglets born to sows housed in pens with SHT stalls were more directly 
impacted by the effects of the stressor.  
Previous work has shown that during gestation prenatal stress can cause a reduction in 
serum IgG in neonates (Machado-Neto et al., 1987; Tuchscherer et al., 2002). In our study, piglets 
from sows fed DDG-GM gestation diet or from sows housed in pens with LNG feeding stalls 
during gestation had higher total IgG in response to weaning stress. This evidence contradicts the 
existing data by {Machado-Neto, 1987 #186@@author-year;Tuchscherer, 2002 #201@@author-
year} and may be indicative of differential immune development and/or immune competence. 
Since IgG nor any of its subsets can cross the placental barrier in the swine species (Mossman, 
1987; Moffett and Loke, 2006), these data may reflect the possibility of enhanced availability of 
these immune components (or immune components that may influence their overall production) 
within the colostrum of the sow during the suckling/lactation phase. Moreover, it is plausible that 
piglets from those sows that were fed high fiber diet in which the fiber source is DDG-GM during 
gestation may be more adept at mounting an adaptive immune response when posed with a stressor 
such as weaning stress and that those piglets from sows housed in pens with SHT stalls were more 
	
41	
	
susceptible to the consequences of weaning stress. Furthermore, piglets born to sows fed DDG-
GM and gestated in pens with LNG feeding stalls had the highest total IgG1 and IgG1/IgG2 ratio 
throughout the course of the study. This may indicate that the combination of diet and feeding stall 
length of the gestating sow may cause long-term alterations to the immune functioning of her 
progeny. While not yet proven if this paradigm exists in piglets, in mice it is known that IgG2a is 
stimulated specifically by TH1-type cytokines (interleukin-2 (IL-2) interferon-γ and tumor necrosis 
factor), whereas IgG1 is stimulated specifically by TH2-type cytokines (IL- 4, -5, -6, -10 and -13; 
(Finkelman et al., 1990). The ability of these piglets to significantly exhibit the IgG1 over the IgG2 
during the immune response is indicative of the TH2 adaptive immune response and although not 
tested in this experiment, it is can be inferred that the aforementioned cytokines of the TH2 response 
may be in higher concentration in those piglets born to sows fed DDG-GM and gestated in pens 
with LNG feeding stalls.  
Subsequently, the results revealed that piglets born to sows fed MID-SOY during gestation 
had the greatest mean proliferation response to the ConA mitogen indicative of their ability to 
enact a T-cell favored immune response. Since the T-cell response is directly associated with the 
TH1 response, the lower IgG1/IgG2 ratio could have a direct relationship with the proliferation 
responses of the piglets born to sows fed MID-SOY during gestation. Conversely, piglets born to 
sows fed DDG-GM during gestation to have had the greatest mean proliferation response to the 
B-cell proliferation inducing mitogen LPS; which is indicative of a TH2 response. This evidence 
could indicate that each of the diets can influence the elicited response as piglets from sows fed 
MID-SOY seemed to express a TH1 cell-mediated response and piglets from sows fed DDG-GM 
favors a TH2 humoral response. Moreover, previous studies in pigs have reported that gestational 
stress in sows may activate the HPA axis in offspring during novel or challenging situations and 
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may also affect the immunity of neonatal pigs in response to stressful stimuli (Haussmann et al., 
2000; Tuchscherer et al., 2002; Jarvis et al., 2006; Otten et al., 2007). The piglets born to sows fed 
DDG-GM during gestation and piglets from sows housed in LNG stalls had higher cortisol levels 
throughout the course of the experiment while those piglets born to sows fed MID-SOY during 
gestation and piglets from sows housed in SHT stalls were consistently lower. Typically in the 
presence of a stressor, an animal increases its production of cortisol to provide it with the energy 
necessary to cope with the stressor; hence, piglets born to sows fed DDG-GM during gestation and 
piglets from sows housed in LNG stalls’ high concentrations of cortisol could very well be the 
circulation of the inactive form of cortisol. Its consistently high presence could explain the LNG 
stall offspring’s ability to release immune components of both a cell-mediated and humoral 
immune response as they may need the energy to be readily available for conversion into 
appropriate biological resources. This is in contrast to piglets born to sows fed DDG-GM as they 
seemingly mounted a functional TH2 adaptive immune profile, but needed the energy solely for 
the production of those immune components of the TH2 profile which is indicative of an inability 
to proficiently partition their energy towards their growth and possibly other biological functions. 
This inability to appropriately partition energy reserves is also shared with piglets from sows 
housed in pens with SHT stalls which hereby indicates that these piglets could be more susceptible 
to challenges later in life. To place into a better perspective, a failure to repartition energy reserves 
into appropriate immune components of the innate immune system could result in long-term 
negative consequences such as lower populations of macrophages or lower expression of the pro-
inflammatory cytokine tumor necrosis factor-α. Each of these components of innate immunity 
induces a number of different biological effects which works to initiate and regulate the immune 
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response (Bemelmans et al., 1996), thus a lack of the ability to produce these could subject these 
piglets to physiological losses and the swine industry to economic losses.  
While this study showed a clear correlation between gestational dietary treatment and 
housing environment effects of the sow on her progeny, there is research which indicates that piglet 
body weight after weaning and cortisol concentrations each return to their pre-wean levels four 
days after weaning (Le Dividich and Sève, 2000; Kojima et al., 2007; Cooper et al., 2009). 
Therefore, the results from our first post-weaning collection time point, at 7d (28 d-of-age), could 
reflect physiological responses after the piglets have acclimated to weaning stress. Thus implying 
that the results of this research primarily represent the long term effects of the sow gestational 
treatments on her progeny. Furthermore, this study did not utilize a power test to attain our sample 
size. Instead, we based our sample size on previous research within our lab which showed a direct 
relationship between dietary treatments and housing environments of the sow and productivity 
data. Thus, the data within this experiment are primarily speculative and should be interpreted as 
such. 
Taken together, the results from the present study indicate that both high-fiber diets fed to 
sows during gestation influenced immune responses of their piglets. Additionally, it should be 
noted that those piglets born to sows on either diet but were housed with SHT stalls exhibited a 
lower overall immune responsiveness when collectively compared amongst other treatment 
combinations. Thus indicating stall length can influence the immune competency of sow offspring; 
however, more research should be conducted to isolate and investigate these effects. Furthermore, 
it is unknown whether the results were impacted by factors such as piglet diet post-weaning or 
social interactions of the piglets. Therefore, more research would be required to evaluate this as 
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well as identify potential mechanism(s) responsible for any gestational dietary effects on growth, 
development, and energy partitioning which may have impacted the aforementioned results.  
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TABLES AND FIGURES 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure 2.1. Smear of piglet whole blood used for leukocyte differentials. (A) Banded Neutrophil; 
(B) Basophil; (C) Eosinophil; (D) Lymphocyte; (E) Monocyte; (F) Segmented Neutrophil. One 
hundred leukocytes were then counted using light microscopy at 100X total magnification. Banded 
and Segmented neutrophils were each identified, but were later totaled and reported as “Total 
Neutrophils, %” 
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Figure 2.2. Interactive effects of diet × feeding stall length of sows during gestation on the 
performance measures of their piglets (n = 40). The birth weights of piglets from sows fed MID-
SOY and housed in pens with SHT stalls were the greatest (P = 0.04; SEM = ±0.08).  
* Indicates the greatest average performance measure at that collection point. The sow gestational 
treatments were feeding stall lengths: of 0.6 m (SHT) or 1.8 m (LNG); and diet: MID-SOY (30% 
soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn germ meal). Collection 
points were at birth, 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-of-age 
(35d-of-age). 
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Figure 2.3. Interactive effects of diet × feeding stall length of sows during gestation on various 
immunoglobulin concentrations of their piglets (n = 40). Total IgG at 7d post-weaning (P < 0.01; 
SEM = ±0.06; Panel A) and Average total IgG (P < 0.01; SEM = ±0.06; Panel A) were greater 
among piglets from sows fed DDG-GM and in pens with LNG stalls during gestation. Whereas 
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piglets from sows fed MID-SOY and housed in pens with LNG stalls tended to have the greatest 
concentrations of total IgM 24h pre-weaning (P =0.10; SEM = ±0.20; Panel B). These same piglets 
had the greatest concentration of total IgM 7d post-weaning (P = 0.03; SEM = ±0.06; Panel B) and 
average total IgM (P = 0.02; SEM = ±0.08; Panel B). 
a,b
 LS-Means that have no superscript in 
common are significantly different from each other (Tukey-Kramer, P ≤ 0.05). The sow gestational 
treatments were feeding stall lengths: of 0.6 m (SHT) or 1.8 m (LNG); and diet: MID-SOY (30% 
soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn germ meal). Collection 
points were 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-of-age (35d-of-
age). 
Abbreviations: IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G 
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Figure 2.4. Interactive effects of diet × feeding stall length of sows during gestation on 
concentrations of immunoglobulin subsets of their piglets (n = 40). IgG
1
 concentrations were 
greater at 24h pre-weaning (P < 0.04; SEM = ±0.06; Panel A) and tended to have greater averages 
(P = 0.09; SEM = ±0.06; Panel A) among piglets from sows fed DDG-GM and were housed in 
pens with LNG stalls during gestation. Whereas piglets from sows fed MID-SOY and housed in 
pens with LNG stalls had the greatest concentrations of IgG
2
 7d post-weaning (P < 0.01; SEM = 
±0.01; Panel B), 14d post-weaning (P < 0.01; SEM = ±0.57; Panel B) and on average (P = < 0.01; 
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SEM = ±0.20; Panel B) were greater among piglets born to sows fed MID-SOY and in pens with 
LNG compared to all other treatment combinations.  24h pre-weaning (P = 0.03; SEM = ±0.08; 
Panel C) , the IgG
1
/IgG
2 
ratio was the great among piglets from sows fed DDG-GM and housed in 
pens with LNG stalls. 7d post-weaning (P < 0.01; SEM = ±0.02; Panel C) and 14d post-weaning 
(P = 0.01; SEM = ±0.03; Panel C), piglets from sows fed MID-SOY and housed in pens with SHT 
stalls had the lowest IgG
1
/IgG
2
 ratio. However, on average (P < 0.01; SEM = ±0.03; Panel C) 
piglets from sows fed DDG-GM and housed in pens with SHT stalls had the lowest IgG
1
/IgG
2 
ratio.
 
a,b
 LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05). The sow gestational treatments were feeding stall lengths: of 0.6 m 
(SHT) or 1.8 m (LNG); and diet: MID-SOY (30% soy hulls-15% wheat middlings) and DDG-GM 
(30% DDGS-30% corn germ meal). Collection points were 24h pre-weaning (20d-of-age); 7d 
post-weaning (28d-of-age); 14d-of-age (35d-of-age). 
Abbreviations: IgG
1
 = Immunoglobulin G subset 1; IgG
2
 = Immunoglobulin G subset 2; IgG
1
/IgG
2
 
= Immunogobulin G subset 1-to-Immunogobulin G subset 2 ratio  
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Figure 2.5. Main effects of sow diet during gestation on the mitogen induced proliferation indexes 
of their piglets (n = 40). T-cell response to the ConA mitogen at 20 µg/mL were highest among 
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those piglets from sows fed MID-SOY during gestation at 24h pre-wean (P < 0.01; SEM = ±0.03; 
Panel A), 7d post-wean (P < 0.01; SEM = ±0.04; Panel A), 14d post-wean (P = 0.01; SEM = ±0.02; 
Panel A) and on average (P = 0.01; SEM = ±0.02; Panel A). B-cell response to the LPS mitogen at 
50 µg/mL were highest among those piglets from sows fed DDG-GM during gestation at 24h pre-
wean (P < 0.01; SEM = ±0.08; Panel B) and on average (P < 0.01; SEM = ±0.03). However, 7d 
post-weaning (P = 0.02; SEM = ±0.01; Panel B) and 14d post-weaning (P < 0.01; SEM = ±0.03; 
Panel B), these same piglets were shown to have the lowest indexes in response to the LPS 
mitogen. 
a,b
 LS-Means that have no superscript in common are significantly different from each 
other (Tukey-Kramer, P ≤ 0.05). The sow gestational diets were: MID-SOY (30% soy hulls-15% 
wheat middlings) and DDG-GM (30% DDGS-30% corn germ meal). Collection points were 24h 
pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-of-age (35d-of-age). 
Abbreviations: ConA = concanacalin-A; LPS = Lipopolysaccharide 
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Figure 2.6. Main effects of sow diet during gestation on cortisol concentrations of their piglets (n 
= 40). Piglets from sows fed DDG-GM during gestation were shown to have the highest cortisol 
concentrations 24h pre-weaning (P < 0.01; SEM = ±1.18), 14d post-weaning (P < 0.01; SEM = 
±0.43) and on average (P < 0.01; SEM = ±0.45). 
a,b
 LS-Means that have no superscript in common 
are significantly different from each other (Tukey-Kramer, P ≤ 0.05). The sow gestational diets 
were: MID-SOY (30% soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn 
germ meal). Collection points were 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 
14d-of-age (35d-of-age). 
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Figure 2.7. Main effects of housing environment on neutrophil and lymphocyte populations of 
their piglets (n = 40). Piglets from sows housed in pens with LNG stalls during gestation were 
shown to have the highest neutrophil populations 24h pre-weaning (P < 0.01; SEM = ±1.37; Panel 
B), 7d post-weaning (P < 0.01; SEM = ±0.98; Panel B) and on average (P < 0.01; SEM = ±2.10; 
Panel B). These same piglets were shown to have the highest N/L ratio 24h pre-weaning (P < 0.05; 
SEM = ±1.36; Panel C), 7d post-weaning (P = 0.02; SEM = ±0.20; Panel C) and on average (P = 
0.01; SEM = ±1.20; Panel C). 
a,b
 LS-Means that have no superscript in common are significantly 
different from each other (Tukey-Kramer, P ≤ 0.05). The sow housing environments were feeding 
stall lengths of: 0.6 m (SHT) or 1.8 m (LNG). Collection points were 24h pre-weaning (20d-of-
age); 7d post-weaning (28d-of-age); 14d-of-age (35d-of-age). 
Abbreviations: N/L Ratio = Neutrophil-to-Lymphocyte Ratio  
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Table 2.1. Composition of experimental diets fed during gestation 
Item 
Wheat middlings-soy bean hulls 
(MID-SOY) 
DDG-corn germ meal  
(DDG-GM) 
Ingredients, % 
Corn 38.90 33.65 
Soybean meal, 48% 12.50 2.50 
Soybean hulls 15.00 - 
Wheat middlings 30.00 - 
DDG - 30.00 
Corn germ meal - 30.00 
Soybean oil 1.00 1.00 
Limestone 1.30 1.60 
Dicalcium phosphate 0.60 0.55 
Salt 0.40 0.40 
Vitamin mineral premix 0.30 0.30 
Total 100.00 100.00 
Energy and Nutrients 
Energy, Kcal ME/kg 2999.00 3177.00 
Crude protein, % 13.78 18.96 
Calcium, % 0.78 0.78 
Phosphorus, % 0.61 0.66 
Phosphorus, digestible, % 0.34 0.34 
Acid detergent fiber, % 9.81 7.93 
Neutral detergent fiber, % 23.97 25.75 
Amino Acids 
Arginine, % 0.90 0.83 
Histidine, % 0.35 0.52 
Isoleucine, % 0.59 0.49 
Leucine, % 1.05 1.34 
Lysine, % 0.61 0.61 
Methionine, % 0.21 0.45 
Methionine + cysteine, % 0.46 0.66 
Phenylalanine, % 0.60 0.58 
Threonine, % 0.43 0.51 
Tryptophan, % 0.15 0.23 
Valine, % 0.59 0.59 
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Table 2.2. Interactive effects of diet × feeding stall length of sows during gestation on the immune 
and endocrine measures of their piglets (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
SEM LNG SHT LNG SHT 
Total WBC, 107 9.08 8.43 8.99 9.17 0.56 0.50 
Lymphocyte, 107 8.43 7.25 9.63 8.59 1.05 0.95 
Neutrophil, 107 8.81 5.37 11.45 5.16 2.97 0.21 
N/L ratio 1.90 1.19 3.60 0.79 1.70 0.12 
Lymphocytes, % 63.1 64.0 64.3 60.3 1.78 0.17 
Eosinophils, % 0.67 1.00 1.15 0.86 0.21 0.82 
Monocytes, % 3.79 4.80 3.07 3.03 0.58 0.38 
Banded Neutrophils, % 9.33a,b 7.57b 9.78a,b 11.6a 0.88 0.04 
Segmented Neutrophils, % 23.2 22.6 21.7 24.3 1.49 0.28 
Total Neutrophils, % 32.5a,b 30.1b 31.5a,b 35.9a 1.70 0.06 
ConA Proliferation, 2.0 µg/mL 1.11 1.14 0.99 1.00 0.03 0.78 
ConA Proliferation, 20.0 µg/mL 1.22a 1.13c 1.02b 1.02b 0.02 0.05 
LPS Proliferation, 5.0 µg/mL 1.05 1.07 1.06 1.04 0.03 0.37 
LPS Proliferation, 50.0 µg/mL 1.06 1.09 1.19 1.20 0.04 0.90 
Cortisol, ng/mL 11.0 9.03 14.1 12.7 0.62 0.68 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table 2.3. Interactive effects of diet × feeding stall length of sows during gestation on the 
immunoglobulin measurements of their piglets (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
SEM LNG SHT LNG SHT 
IgM, mg/mL 8.13a 7.72b 7.88a,b 7.83b 0.08   0.02 
Total IgG, mg/mL 7.49b 7.38b 7.98a 7.43b 0.06 < 0.01 
IgG1, mg/mL 7.84 7.87 8.03 7.55 0.14   0.09 
IgG2, mg/mL 9.18a 8.09b 8.36b 8.96a 0.20 < 0.01 
IgG1/IgG2 0.96a,b 1.05a 1.06a 0.92b 0.03 < 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; 
(n = 40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G 
subset 1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value for the diet × feeding stall length effect 
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Table 2.4. Interactive effects of diet × feeding stall length of sows during gestation on the weight 
measures of their piglets (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
SEM LNG SHT LNG SHT 
Piglet Birth Weight, kg 1.53 1.76 1.68 1.50 0.08 0.04 
24h, Pre-Wean Weight, kg 6.83 7.01 6.94 6.44 0.46 0.31 
7d, Post-Wean Weight, kg 8.35 8.49 8.31 7.77 0.16 0.38 
14d, Post-Wean Weight, kg 11.1 10.8 10.4 10.4 0.50 0.79 
Average Weight, kg 8.74 8.76 8.55 8.21 0.44 0.56 
Weight Gain, Period 1, kg 5.29 5.25 5.26 4.95 0.36 0.60 
Weight Gain, Period 2, kg 1.52 1.48 1.36 1.33 0.24 0.97 
Weight Gain, Period 3, kg 2.70 2.28 2.10 2.65 0.33 0.05 
Total Weight Gain, kg 9.51 9.01 8.72 8.92 0.67 0.47 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 
40) 
2 Average Weight =	 birth+d20+d28+d35
4
; Weight Gain, Period 1 = (24h Pre-Wean – Birth); 
Weight Gain, Period 2 = (7d Post-Wean – 24h Pre-Wean); 
Weight Gain, Period 3 = (14d Post-Wean – 7d Post-Wean);	
Total Weight Gain = (Weight Gain, Period 1 + Weight Gain, Period 2 + Weight Gain, Period 3); 
3 Probability value for the diet × feeding stall length effect 
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Table 2.5. Main effects of diet and feeding stall length of sows during gestation on the immune and 
endocrine measures of their piglets (Least Square Means)1 
Item2 
Diet 
P-value3 
Feeding Stall Length 
P-value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Total WBC, 107 8.76 9.08 0.43 0.60 9.03 8.80 0.44 0.71 
Lymphocyte, 107 7.84 9.11 0.71 0.21 9.03 7.92 0.71 0.27 
Neutrophil, 107 7.09 8.31 2.83 0.76 10.1a 5.26b 2.08 < 0.01 
N/L ratio 1.55 2.19 1.65 0.78  2.75a 0.99b 1.21 0.01 
Lymphocytes, % 63.6 62.3 1.29 0.49 63.7 62.1 1.33 0.40 
Eosinophils, % 0.83 1.00 0.15 0.42 0.91 0.93 0.15 0.91 
Monocytes, % 4.29a 3.05b 0.43 0.04 3.43 3.91 0.43 0.42 
Banded Neutrophils, 
% 8.45b 10.7a 0.61 0.01 9.56 9.56 0.63 0.99 
Segmented 
Neutrophils, % 22.9 23.0 1.04 0.92 22.4 23.4 1.06 0.49 
Total Neutrophils, % 31.3 33.7 1.23 0.18 32.0 33.0 1.27 0.56 
ConA Proliferation, 
2.0 µg/mL 1.13a 1.00b 0.02  < 0.01 1.05 1.07 0.02 0.55 
ConA Proliferation, 
20.0 µg/mL 1.18a 1.02b 0.02  < 0.01 1.12 1.08 0.02 0.09 
LPS Proliferation, 5.0 
µg/mL 1.06 1.05 0.02 0.56 1.05 1.05 0.02 0.89 
LPS Proliferation, 
50.0 µg/mL 1.08b 1.20a 0.03  < 0.01 1.13 1.15 0.03 0.63 
Cortisol, ng/mL 10.0b 13.4a 0.45  < 0.01 12.6a 10.9 b 0.46 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 
40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table 2.6. Main effects of diet and feeding stall length of sows during gestation on the 
immunoglobulin measurements of their piglets (Least Square Means) 1 
Item2 
Diet 
P-
value2 
Feeding Stall Length 
P-
value3 
MID-
SOY DDG-GM SEM LNG SHT SEM 
IgM, mg/mL 7.93 7.85 0.06 0.34 8.01a 7.78b 0.06 < 0.01 
Total IgG, mg/mL  7.44b  7.71a 0.05 < 0.01 7.74a 7.41b 0.05 < 0.01 
IgG1, mg/mL 7.85 7.79 0.10 0.65 7.94 7.71 0.11   0.12 
IgG2, mg/mL 8.63 8.66 0.14 0.91 8.77 8.52 0.15   0.23 
IgG1/IgG2 1.00 0.99 0.02 0.58 1.01 0.98 0.02   0.39 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 
40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunogobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table 2.7. Main effects of diet and feeding stall length of sow during gestation on the weight measures 
of their piglets (Least Square Means)1 
Item2 
Diet 
P-
value3 
Feeding Stall Length 
P-
value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Piglet Birth Weight, kg 1.65 1.59 0.09 0.54 1.61 1.63 0.09 0.83 
24h, Pre-Wean Weight, kg  6.75b  7.09a 0.20 0.02 7.00 6.84 0.20 0.28 
7d, Post-Wean Weight, kg 8.42 8.04 0.16 0.32 8.33 8.13 0.16 0.60 
14d, Post-Wean Weight, kg 10.9 10.4 0.30 0.36 10.7 10.6 0.34 0.81 
Average Weight, kg 8.75 8.38 0.30 0.37 8.65 8.48 0.30 0.72 
Weight Gain, Period 1, kg 5.27 5.10 0.25 0.53 5.28 5.10 0.25 0.49 
Weight Gain, Period 2, kg 1.50 1.35 0.16 0.38 1.44 1.40 0.16 0.82 
Weight Gain, Period 3, kg 2.49 2.37 0.23 0.62 2.40 2.47 0.23 0.77 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 Average Weight =	 birth+d20+d28+d35
4
; Weight Gain, Period 1 = (24h Pre-Wean – Birth); 
Weight Gain, Period 2 = (7d Post-Wean – 24h Pre-Wean); 
Weight Gain, Period 3 = (14d Post-Wean – 7d Post-Wean);
Total Weight Gain = (Weight Gain, Period 1 + Weight Gain, Period 2 + Weight Gain, Period 3); 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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CHAPTER 3:  
 
A PILOT STUDY ON THE EFFECTS OF GROUP-HOUSED GESTATING SOW 
NUTRITION, ENVIRONMENT AND SOCIAL RANK ON PIGLET IMMUNE 
RESPONSIVENESS TO WEANING STRESS 
 
ABSTRACT 
The objectives of this study were to assess the maternal prenatal stressor effects of feeding 
stall lengths, dietary treatment of gestating sows and the social rank of sows on the responsiveness 
of their offspring to weaning stress using immune and endocrine measures. Briefly, 180 sows were 
randomly allotted to 1 of 2 high fiber gestation diets (1) 30% wheat middlings and 15% soybean 
hulls (MID-SOY) or 30% distillers dried grains with solubles and 30% corn germ meal (DDG-
GM) and to a group pen with feeding stalls of either 0.6 m (SHT) or 1.8 m (LNG) in length. Sows 
were fed dietary treatments starting on gestational d 35 and moved to assigned group pens at d 37 
and kept until d 104. Prior to moving into experimental pens, each group was subject to a feed 
competition test to determine social rank. A dominance value (DV) was calculated for each sow 
based on aggressive encounters from the feeding test; the two sows with the highest DV were 
identified as dominant (DOM) and two sows with the lowest DV were submissive (SUB). From 
this subset of sows, forty-two piglets (balanced across treatments) were selected based on the 
heaviest and lightest birth weights and were weaned at 19 ± 2 d-of-age. Blood samples were used 
to assess descriptive and functional aspects of both innate and adaptive immunity and cortisol. 
Piglets from SUB sows who were fed DDG-GM during gestation had greater neutrophil counts (P 
= 0.01), neutrophil-to-lymphocyte (N/L) ratio (P < 0.05) and lower concentrations of IgM (P = 
0.01). These piglets also weighed more (P = 0.04) and gained more weight (P = 0.05) prior to 
weaning. Piglets from SUB sows fed MID-SOY during gestation had greater concentrations of 
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cortisol (P = 0.05) compared to other combinations. Additionally, piglets from SUB sows had the 
highest lymphocyte counts (P < 0.05), neutrophil counts (P = 0.02) and IgG2 concentrations (P < 
0.01) while piglets from DOM sows tended to have a higher IgG1/IgG2 ratio (P = 0.10). Overall, 
the results showed that the piglets from SUB sows were more physiologically impacted by the 
onset of the stressor and were more inclined to increase cellular immune responses to stress. 
Conversely, piglets from DOM sows elicited a seemingly adequate response to stress which later 
led to greater performance measures when compared to those piglets from SUB sows.  
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INTRODUCTION 
Prenatal stress is defined as “exposure of an expectant mother to distress which can cause 
stressful life events or environmental hardships” (Ruiz and Avant, 2005). In livestock,  maternal 
prenatal stress is fairly common due to the variation in management practices. Specifically within 
the swine industry, stressors such as diet and housing environment are unavoidable as gestating 
sows are typically kept in group housing where food competition incurs a multitude of aggressive 
encounters thus resulting in social hierarchy and rank (Puppe and Tuchscherer, 1994). This 
exposes the sows to acute and chronic social stress where type of stress primarily depends on social 
rank as high rank (dominant) sows are exposed acute stress while chronic stress is experienced by 
low rank (submissive) sows. While maternal stress exposure during gestation has been shown to 
have significant effects on offspring development including—but not limited to—the 
dysregulation of the HPA axis and impaired immune responses (Weinstock, 1997; Haussmann et 
al., 2000; Kofman, 2002), the literature concerning the costs of  maternal prenatal stress exposure 
on piglet responsiveness to stress is limited. Hence, the aim of the present study was to identify 
whether the maternal prenatal stress exposure of (1) social stress; (2) change of diet to either a 
high-fiber diet (30% soy hulls-15% wheat middlings; MID-SOY) or a modified high-fiber diet 
(30% dried distiller grains-30% corn germ meal; DDG-GM) during gestation; (3) housing with a 
feeding stall length of either 0.6 m (SHT) or 1.8 m (LNG) or any combination thereof would impact 
the responsiveness of piglets to weaning stress. Immunoglobulin levels, T- and B-cell response to 
mitogens, total white blood cell, neutrophil and lymphocyte counts, leukocyte percentages, and 
cortisol were measured at 20- (24h prior to weaning), 28- (7d post-weaning) and 35- (14d post-
weaning recovery) d-of-age to assess the functionality of the immune system to weaning stress.	  
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MATERIALS & METHODS 
Animals 
Sow Gestational Treatment 
The University of Illinois Institutional Animal Care and Use Committee approved the 
animal protocol of this experiment. Piglets used in this study were obtained from a larger scale 
study of a 180 sows (n = 46 gilts; n = 134 multiparous sows) derived from Genetiporc and housed 
at the University of Illinois Swine Research Center. These 180 sows were randomly assigned to a 
2 x 2 factorial design across 5 blocks. Sows were randomly allotted to high fiber gestation diet of 
either: (a) 30% wheat middlings and 15% soybean hulls (MID-SOY) or (b) 30% dried distiller 
grains and 30% corn germ meal (DDG-GM) and to a group pen at floor space allowance of 1.7 m2 
(n = 9 sows/pen/treatment) fitted with feeding stalls of either 0.6 m (SHT) or 1.8 m (LNG) in 
length. All sow treatment groups were balanced for sow body weight, back-fat depth, and parity. 
Each sow was fed once a day at ~0630 and had access to an individual feeding spaces and water 
nipplers. Sows were fed 2.23 kg (MID-SOY) and 2.10 kg (DDG-GM) per sow from gestational d 
35 to 90 and then 3.57 kg (MID-SOY) and 3.37 kg (DDG-GM) from gestational d91 until moved 
to farrowing crates on d 104. Once sows were moved to farrowing crates, sows were fed a standard 
lactation diet. All diets were formulated to meet or exceed nutrient requirements (NRC, 2012; 
Table 3.1). 
Social Status of Sows 
Prior to moving to their experimental pens, on d37 groups of sows were placed in a non-
experimental pen to determine social status using a feed competition test previously described by 
Parent et al. (2012). The non-experimental pen (13.5 ft. x 13.5 ft.) was equipped with one feeder. 
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The feed competition test was captured using EverFocus EQ120/AEN colored camera that was 
located above the pen and recorded using Geovision GVd1240 for 30 minutes. Initially, sows are 
acclimated to the non-experimental pen for 5-min, and then 4 kg of the assigned treatment diet was 
added to the feeder. All aggressive interactions were registered and both the initiator and the 
receiver during the aggressive encounters were identified. A Dominance Value (DV) was 
calculated using the following equation:  
𝐷𝑉 = 𝐴𝑔𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑒	𝐸𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑠	𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑒𝑑(𝐴𝑔𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑒	𝐸𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑠	𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑒𝑑 + 𝐸𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑠	𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑) 
Based on the calculated DV and number of displacements that occurred in experimental pens, sows 
were identified as dominant (high DV; DOM) and submissive (low DV; SUB).  
Piglet Selection  
From this subset of sows, forty-two piglets (balanced across treatments) were selected 
based on the heaviest and lightest pre-weaning weights and were weaned at 19 ± 2 d-of-age (n = 
42). Blood samples were collected via jugular venipuncture on d20 (24h prior to weaning), d28 
(7d post-weaning) and d35 (14d post-weaning recovery and were assessed for descriptive and 
functional aspects of both innate and adaptive immunity and endocrine and cytokine profiles. 
Litters were processed using standard operating procedures of the University Of Illinois Swine 
Research Center with males being castrated at the time of processing.  
Sample Collection and Analysis 
Blood samples (3 to 30 mL) were obtained from piglets via vena-puncture using sodium 
heparin or EDTA Vacutainers® or syringes at specific time points described in the experimental 
design section. Piglets were placed in a V-trough and restrained by hand during the blood 
collection procedure. Samples were collected within 1 minute of initial restraint to reduce restraint-
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related increases in cortisol concentration. All samples were collected at the same time of day 
(0500 h) unless otherwise noted. Plasma and serum samples were stored at –80°C for later analysis.   
Leukocyte Differentials and Whole Blood Culture Analysis 
For differential leukocyte counts, 10 µl of whole blood was used to make blood smears. 
Slides were fixed in methanol, stained with Hema-3® staining system (Fisher Scientific, Houston, 
TX) according to the manufacturer’s directions. One hundred leukocytes were then counted using 
light microscopy at 100X total magnification. The leukocytes counted included: monocytes, 
lymphocytes, neutrophil, eosinophils, and basophils. Moreover, neutrophil populations was further 
classified into bands (immature) and segmented (mature) neutrophils (Figure 3.1).   
Total white blood cell (WBC) counts were electronically assessed using a Coulter Z1 
particle counter (Beckman Coulter, Indianapolis, IN). For each sample, 10 µL of whole blood was 
added to 10 mL of Isoflow (Beckman Coulter), then Zap-O-Globin (Beckman Coulter) was added 
to lyse the red blood cells. Six mL of whole blood was layered over 3 mL of Histopaque 1077 
(density= 1.077 g/mL; Saint Louis, MO) and 3 mL of Histopaque 1119 (density = 1.119 g/mL; 
Sigma-Aldrich). Samples were then centrifuged at 1840 rpm for 30 min at 25 °C. Plasma was 
aspirated and transferred to Eppendorf tubes and stored at -80 °C. Lymphocytes were removed 
from the 1077 layer and added to 5 mL of RPMI (Gibco; Carlsbad, CA). Neutrophils were removed 
from the 1119 layer and placed in a 50 mL conical tube. The neutrophils were washed three times 
with RPMI and centrifuged at 200 x g for 10 minutes at 4°C and then re-suspended in PBS (Fisher 
Scientific). Neutrophils were counted using a particle counter and cell concentration was adjusted 
to 3 x 10⁶ cells/mL. 
The mixed-lymphocyte population was centrifuged at 1500 rpm for 15 min at 4°C, 
supernatant was aspirated, and then cell pellet was re-suspended in 2 mL of RPMI. Mixed cell 
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suspension was transferred to a petri dish containing 10 mL of 5% Fetal Bovine Serum (FBS; 
Sigma-Aldrich) and incubated for 2 h at 37 °C and 5% CO₂. After 2-h incubation period, 
nonadherent cell mixture was collected, Petri dishes were washed with 5 mL of RMPI, and then 
nonadherent cell mixture was centrifuged at 1500 rpm for 15 min at 4°C. Cell pellet was 
resuspended in 1 mL of RPMI and counted using cell particle counter and cell concentration was 
adjusted to 5 x 10 ⁶ cells/ mL with 10% FBS/ RPMI. 
Lymphocyte Proliferation Assays 
The mitogen-induced lymphocyte proliferation assay (LPA) was performed using a 
CellTiter 96 nonradioactive cell proliferation assay (Promega, Madison, WI) following the 
manufacturer’s protocol, with minor modifications. Briefly, porcine lymphocytes were adjusted to 
5 × 106 cells/mL in RPMI plus 10% FBS (Sigma-Aldrich) and placed in triplicate into a sterile 
96-well flat-bottom plate. The mitogen concanavalin-A (ConA; Sigma-Aldrich) was added at 0, 2, 
and 20 µg/mL to stimulate T-cells and lipopolysaccharide (LPS; Sigma-Aldrich) was added at 0, 
5, and 50 µg/mL to stimulate B-cells. The plates were incubated for 72 h at 37°C under 5% CO2 
in a humidified incubator. Twenty microliters of MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 
tetrazolium bromide; Sigma] were added to each well, and the plates were incubated for 4 h. 
Acidified isopropanol (100 µL of 0.1 N HCl in anhydrous isopropanol) was added, and the plates 
were incubated overnight at 37°C and then read using a microplate reader (BioTek Instruments) at 
a wavelength of 550 nm with a reference wavelength of 690 nm. The results were expressed as a 
proliferation index (PI): Inter- and intra-assay CV were 8.6% and 5.8%, respectively. 
𝑃𝐼 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑂𝑝𝑡𝑖𝑐𝑎𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙𝑠𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑂𝑝𝑡𝑖𝑐𝑎𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑁𝑜𝑛 − 𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙𝑠 
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Cortisol Assays 
Plasma cortisol concentrations were measured using a validated RIA kit (MP Biomedicals, 
Santa Ana, CA) by following the manufacturer’s protocol with a slight modification. To remove 
biologically active steroids, reduce variability and cross reactivity with other metabolites, Charcoal 
Dextran was used to strip pooled samples of piglet plasma. Then, 390 µL of stripped plasma and 
10 µL of a cortisol standard in phosphate-buffered saline (10 µg/mL) were used to create 
concentrations used for the standard curve, which were 0, 78, 156.25, 312.5, 625, 1250, and 2500 
ng/mL. Twenty-five µL of plasma or standard was added, in duplicates, to antibody coated tubes 
and then 1 mL of I125 cortisol was added. Tubes were placed in a water bath at 37°C for 45 minutes. 
After the incubation period, the liquid was aspirated and samples were counted using a gamma 
counter. Inter- and intra-assay CV were 7.4% and 5.2%, respectively, and sensitivity was 3 pg. 
Immunoglobulin Assay 
Total plasma IgG was measured using an Indirect Competitive Enzyme Linked 
Immunosorbent Assay (ELISA) previously described by our lab (Sutherland et al., 2005; Niekamp 
et al., 2006; Salak-Johnson et al., 2012) with a slight modification. Briefly, porcine plasma samples 
were diluted 1:3,000 in 0.05% Tween-PBS. In duplicate, 120 µL of diluted sample or standard was 
added to 96-well microtiter plates coated with porcine IgG (Jackson ImmunoResearch, West 
Grove, PA). Goat Anti-Swine IgG (120 µL; Sigma, St. Louis, MO) was added and plates incubated 
for 2 h at 25°C and then washed 3 times with 0.05% Tween-PBS. Enzyme-linked Rabbit Anti-
Goat IgG (200 µL; Jackson Immunoresearch) was added at a dilution of 1:7,500. Plates were 
incubated for 1 h, decanted, and then washed 3 times. Substrate solution (200 µL; 1 mg of p-
nitrophenyl phosphate/mL; Sigma-Aldrich) was added, and after a 30-min incubation, the reaction 
was stopped with 100 µL of 2M NaOH. Plates were read using a microplate reader (BioTek 
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Instruments, Winooski, VT) at wavelength 405 nm. A standard curve (0, 0.78, 1.56, 3.125, 6.25, 
12.5, 25, and 50 µg of IgG/mL) was used to estimate total plasma IgG. 
Subclasses of IgG1, IgG2, and isotype IgM were also measured using the ELISA Capture 
Assay method. Briefly, the 96-well microtiter plate was coated with Mouse Anti-Swine IgG1 (AbD 
Serotec, Oxford, UK), IgG2 (AbD Serotec, Oxford, UK) or IgM (BD Biosciences, , San Jose, CA) 
antibody in carbonate buffer (0.1M, pH 9.6) and incubated overnight at 4 °C. Plates were washed 
three times with 0.05% PBS-Tween to eliminate nonspecific binding and reduce background, 
aspirated and stored (if needed for later use). In duplicate, 100 µL of diluted samples or standards 
were then added to the 96-well microtiter plate and left to incubate for 1h at 25°C. After 1h, 
Enzyme-Linked Goat Anti-Mouse (AbD Serotec, Oxford, UK) was added and plates incubated for 
1h at 25°C. After 1h of incubation, the plate was washed 3 times with 0.05% Tween-PBS and then 
100 µL of p-NPP Substrate Solution (1 mg of p-nitrophenyl phosphate/mL; Sigma-Aldrich, St. 
Louis, MO) was added. After 30 minutes of incubation in the dark at 25°C, the reaction was 
stopped with 50 µL of 2M NaOH). Plates were read using a microplate reader (BioTek 
Instruments, Winooski, VT) at wavelength 405 nm. A standard curve (0, 0.78, 1.56, 3.125, 6.25, 
12.5, 25, and 50 µg of Antibody/mL) was used to estimate concentrations of IgG1, IgG2, and IgM. 
The ratio of IgG1/IgG2 was calculated as well. Inter- and intra-assay CV were 8.1% and 3.2%, 
respectively. 
Performance & Productivity Traits 
Performance measures of piglets included the individual averages of piglet birth weight, 
24h pre-wean weight, 7d post-wean weight, and 14d post-wean weight. The average weight of 
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piglets birth+d20+d28+d35
4
, weight gains between measurement periods: period 1 = (24h – birth), 
period 2 = (7d – 24h), period 3 = (14d – 7d) and total weight gain (period 1 + period 2 + period 3).  
Statistical Analyses 
Statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC). All traits 
were analyzed for normality and a logarithm transformation was applied to all traits deviating from 
a normal distribution. A linear mixed-effects model was used to analyze immune measures and 
determine the effects of sow gestational treatments and social rank at each time point on the piglets. 
The model included all possible 2- and 3-way interactions of the fixed effects of social status 
(DOM or SUB), diet (MID-SOY or DDG-GM), stall length (LNG or SHT), day (24h, 7d, 14d) and 
their interactions of social status × diet, social status × stall length, social status × diet × day, social 
status × stall length × day. The random effect utilized the sow group number within the model to 
account for the potentiality of any environmental and management differences of the experiment. 
The model had a repeated structure for day, which allowed the incorporation of heterogeneity of 
variances across days. The first objective utilizes the sow as the experimental unit while the second 
objective utilizes the piglet as the experimental unit. Lastly, least-squares means (LS-means) and 
standard error of the means (SEM) were computed for each effect in the model and all pair wise 
differences of these LS-means were tested using the post-hoc Tukey-Kramer’s multiple 
comparison test. Effects and differences were recognized as significant if P ≤ 0.05 and trends were 
discussed at P ≤ 0.10. 
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RESULTS 
No main effects were observed for Diet, Stall length or Social Status × Stall length. The 
interactive effects of sows’ social status × diet during gestation on the physiological measures of 
the piglets are presented in Table 3.2, immunoglobulin concentrations in Table 3.3 and piglet 
performance measures are shown in Figure 3.2. Piglets from SUB sows who were fed DDG-GM 
during gestation had greater mean neutrophil counts (P = 0.01), mean N/L ratio (P < 0.05; Figure 
3.3) and lower mean concentrations of IgM (P = 0.01; Figure 3.4). These piglets also weighed 
more (P = 0.04) and gained more weight (P = 0.05) prior to weaning (Table 3.4). Piglets from 
SUB sows fed MID-SOY during gestation had greater mean concentrations of cortisol (P = 0.05) 
compared to other combinations (Figure 3.5). Additionally, piglets from SUB sows had the 
highest mean lymphocyte counts (P < 0.05), mean neutrophil counts (P = 0.02; Figure 3.6) and 
mean IgG2 concentrations (P < 0.01) while piglets from DOM sows tended to have a higher mean 
IgG1/IgG2 ratio (P = 0.10; Figure 3.7). 
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DISCUSSION 
The immune response to stress is dependent on many factors like the kind, intensity, 
duration and frequency of the stress as well as the immune parameter which is analyzed (Dantzer, 
1996; Johnson et al., 1997; Tuchscherer et al., 2002). With regards to swine production and piglets, 
maternal stressors such as diet and housing type could lead to consequences such as impaired 
immunodevelopment. These types of consequences may later lead to downstream effects such as 
an insufficient coping responsiveness to weaning stress (Campbell et al., 2013). This study 
evaluated the effects of dietary treatment, social status, feeding stall length and their interactions 
during the gestational period of the sow on the responsiveness of piglets to weaning stress. The 
results of this preliminary study indicate that social status and gestational dietary treatment may 
affect the neonatal immune response and may also impact the postnatal response of the immune 
system to stress. More specifically, piglets from SUB sows were seemingly more susceptible to 
the consequences of weaning stress and also require higher circulations of biological energy (i.e. 
cortisol) to produce cellular components of the innate immune response. Whereas those offspring 
from DOM sows favored an adequate immune response while partitioning their energy towards 
their performance measures. On the other hand, when supplemented with diet, those piglets from 
sows of either social rank who were fed the DDG-GM during gestation were shown to better 
allocate their energies to greater performance measures at the onset of weaning stress when 
compared to those piglets from sows of either rank and were fed MID-SOY during gestation. 
Conversely, piglets from SUB sows that were fed MID-SOY during gestation were shown to 
require more energy and produce more immune components of the adaptive immune response than 
their DDG-GM counterparts.  
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To start, the primary goal of the innate immune response is to rapidly clear or contain 
offending pathogens to prevent prolonged inflammation (McLachlan et al., 2003). As such, the 
differential counts of leukocytes may indicate an inflammatory status of animals (Holtenius et al., 
2004). Generally, a reduction in the number of blood leukocytes under inflammatory conditions 
may be an indicator of reduced infections in hosts (Evoy et al., 1998). The results of this study 
indicate that social status does have an enhancing effect on the cellular components of the innate 
immune response on piglets from SUB sows as they were shown to have higher lymphocyte and 
neutrophil counts. The innate immune system utilizes cellular components such as neutrophils to 
enact the pathogen removal process. However, in the event that the stressor proves to impact the 
animal far beyond the initial immune response, the animal may elicit an increase in lymphocytes 
to induce the adaptive immune response. Through the aforementioned immune cells, these two 
responses can act in concert to mitigate the negative impacts inflicted by the stressor through the 
production of pro-inflammatory cytokines. For example, interleukin-6 (IL-6) plays an important 
role under inflammatory conditions, including bacterial infections (Song and Kellum, 2005), 
whereas IL-8 is a potent neutrophil chemotactic factor, which reinforces the recruitment of 
additional neutrophils to inflammatory sites (Evoy et al., 1998). As components of the immune 
system, these cytokines are crucial for the immune response (Escobar et al., 2004; Li et al., 2007) 
and, while not measured in this study, the elevated populations of lymphocytes among the piglets 
from SUB sows could indicate the ability of the piglets to enact the adaptive immune response and 
result in the production and release of these pro-inflammatory cytokines. Therefore, if the measure 
of an organism’s ability to induce cytokine production and activation is viewed as an indicator of 
immune competence, then higher cytokine-producing potential of their immune cells following 
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stress could prove to be advantageous and may result in decreased susceptibility to diseases 
(Friberg et al., 1994; Cyranowski et al., 2007; Wirtz et al., 2007). 
Additionally, plasma cortisol was measured as an indicator of hypothalamic-pituitary-
adrenal (HPA) axis activation in response to weaning stress. Piglets from SUB sows fed MID-
SOY during gestation had the highest concentration of cortisol and piglets from DOM sows fed 
MID-SOY had the lowest, while piglets from both DOM and SUB sows fed DDG-GM during 
gestation tended to have similar overall values of cortisol concentrations. These higher 
concentrations of cortisol observed in piglets from SUB sows fed MID-SOY during gestation 
could be an indicator of the amount of energy needed to elicit their response to stress. Hence, the 
piglets from SUB sows produced an excess amount of cortisol to enact an immune response 
releasing higher populations of lymphocytes which, in turn, may have enhanced their innate 
immune response’s ability to produce cytokines later resulting in the greater number of neutrophils 
observed in this study.  
Following that, the activation of TH1 cells leads to an inflammatory response and activation 
of TH2 to the production of antibodies (Hessing et al., 1995; Sanders, 2006). Hessing et al. (1995) 
proposed that an imbalance of T-helper 1 (TH1) and T-helper 2 (TH2) cells causes a shift towards 
TH1 and TH2 in pigs. From this study, higher concentrations of IgG2 was observed in piglets from 
SUB sows. In mice, it is known that IgG2a is stimulated specifically by TH1-type cytokines, 
whereas IgG1 is stimulated specifically by TH2-type cytokines (Finkelman et al., 1990). Therefore, 
a closer analysis shows that piglets from SUB sows tended to display a lower IgG1/IgG2 ratio 
therefore indicative of a skewing of the general peripheral immunity toward a TH1-type phenotype. 
While not analyzed in this study, the concentrations of IL-10/interferon-γ (IFN-γ) could be directly 
correlated to the IgG1/IgG2 ratio. IL-10 is most notably correlated with the immune suppression of 
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pro-inflammatory components of the TH1 pathway while IFN-γ is associated closely with the 
upregulation of cell-mediated immunity and suppression of the TH2 response. The ability of these 
piglets to initiate a preference of IgG subsets indicates the overall immunocompetence of their 
immune responses and thus the differences in their responses could also be a direct correlation 
with the subtle differences between weight gains between collection periods. Moreover, the 
concentrations of IgM within the peripheral blood of piglets from SUB sows fed MID-SOY were 
greater than those piglets from SUB sows fed DDG-GM were lowest. However, those piglets from 
DOM sows fed either MID-SOY or DDG-GM during gestation also displayed comparably high 
concentrations of IgM, thus indicating that the elevated levels of IgM may have been driven 
primarily via the dietary treatment of the sows during gestation. This could suggest that the MID-
SOY diet does impact the overall immune differentiation amongst the piglets from DOM and SUB 
whereas they will be more likely to produce components related to that of the humoral TH2 immune 
response versus the cell-mediated TH1. 
While this study showed a clear correlation between gestational dietary treatment and sow 
social status effects on her progeny, there is research which indicates that piglet body weight after 
weaning and cortisol concentrations each return to their pre-wean levels four days after weaning 
(Le Dividich and Sève, 2000; Kojima et al., 2007; Cooper et al., 2009). Therefore, the results from 
our first post-weaning collection time point, at 7d (28 d-of-age), could reflect physiological 
responses after the piglets have acclimated to weaning stress. Thus implying that the results of this 
research primarily represent the long term effects of the sow gestational treatments on her progeny. 
Furthermore, we did not utilize a power test for these data. We based our sample size on previous 
research within our lab which showed a direct relationship between dietary treatments and social 
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status of the sow and productivity data. Thus, the data from this experiment are primarily 
speculative and should be interpreted as such. 
In summary, there is little evidence in pigs describing the effects of group-housing and 
social stress effects on the immune responsiveness of offspring to stressful stimuli; thus, the 
differences of immune functions of socially ranked sows and their effects on their offspring 
remains an important question. The data from the current experiment suggests that the gestational 
modulation of dietary treatment of a sow with either a high or low social rank may ultimately 
influence the immune status of her piglets, thus impacting the ability of piglets to cope with 
stressors associated with weaning. However, due to the transient differences observed throughout 
the duration of this study, more research is warranted to truly understand the influence of social 
rank, as a maternal prenatal stressor, on the prenatal and postnatal development of offspring and 
their responsiveness to these common production stressors. Moreover, because the neonate is 
immunologically naive and, consequently, very susceptible to infections and damage resulting 
from harmful antigens, it is also important to identify other stressful stimuli for sows during 
gestation to ensure preventative measures can be developed in swine production to allow for 
effective neonatal development. 
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TABLES AND FIGURES 
	
	
 
 
Figure 3.1. Smear of piglet whole blood used for leukocyte differentials. (A) Banded Neutrophil; 
(B) Basophil; (C) Eosinophil; (D) Lymphocyte; (E) Monocyte; (F) Segmented Neutrophil. One 
hundred leukocytes were then counted using light microscopy at 100X total magnification. 
Banded and Segmented neutrophils were each identified, but were later totaled and reported as 
“Total Neutrophils, %” 
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Figure 3.2. Interactive effects of sow social status × diet of sows during gestation on the 
performance measures of their piglets (n = 42). 24h pre-weaning, piglets from SUB sows who 
were fed DDG-GM during gestation had the greatest performance measures (P = 0.04; SEM = 
±0.23). 14d post-weaning, piglets from DOM sows fed MID-SOY during gestation tended to have 
the greatest performance measures (P = 0.09; SEM = ±0.30). 
* Indicates the greatest average performance measure at that collection point. The sow diet during 
gestation: MID-SOY (30% soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn 
germ meal). Collection points were at birth, 24h pre-weaning (20d-of-age); 7d post-weaning (28d-
of-age); 14d-of-age (35d-of-age). 
Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value); 
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Figure 3.3. Interactive effects of sow social status × diet during gestation on neutrophil and 
lymphocyte populations of their piglets (n = 42). Piglets from SUB sows fed DDG-GM were 
shown to have the highest neutrophil populations 24h pre-weaning (P = 0.04; SEM = ±1.05; Panel 
A), 14d post-weaning (P = 0.02; SEM = ±2.64; Panel A), on average (P = 0.01; SEM = ±5.51; 
Panel A) and tended to have the highest neutrophil populations 7d post-weaning (P = 0.10; SEM 
= ±2.47; Panel C). These same piglets tended to have the highest N/L ratio 7d post-weaning (P = 
0.10; SEM = ±0.35; Panel C) and had the greatest average N/L ratio (P = 0.04; SEM = ±1.00; Panel 
C). a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05). * indicates the tendency to have the greatest measurement compared to 
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all other combinations (Tukey-Kramer, P ≤ 0.10). The sow diets during gestation: MID-SOY (30% 
soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn germ meal). Collection 
points were 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-of-age (35d-of-
age). 
Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value); N/L Ratio = Neutrophil-to-Lymphocyte Ratio 
  
	
85	
	
 
 
Figure 3.4. Interactive effects of sow social status × diet during gestation on cortisol 
concentrations of their piglets (n = 42). Piglets from SUB sows fed MID-SOY during gestation 
were shown to have the highest cortisol concentrations 24h pre-weaning (P = 0.01; SEM = 1.01) 
and overall (P = 0.05; SEM = 2.33). However, 14d post-weaning (P = 0.07; SEM = 0.83) piglets 
from DOM sows fed DDG-GM during gestation tended to have the greatest concentrations of 
cortisol. 
a,b
 LS-Means that have no superscript in common are significantly different from each 
other (Tukey-Kramer, P ≤ 0.05). * indicates the tendency to have the greatest measurement 
compared to all other combinations (Tukey-Kramer, P ≤ 0.10). The sow gestational diets were: 
MID-SOY (30% soy hulls-15% wheat middlings) and DDG-GM (30% DDGS-30% corn germ 
meal). Collection points were 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-
of-age (35d-of-age). 
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Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value); 
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Figure 3.5. Interactive effects of sow social status × diet during gestation on Total IgM 
concentrations of their piglets (n = 42). 7d post-weaning (P = 0.02; SEM = 0.09), 14d post-weaning 
(P = 0.03; SEM = 1.08) and overall (P = 0.01; SEM = 1.58) piglets from SUB sows fed DDG-GM 
during gestation were shown to have the lowest concentration of Total IgM. 
a,b
 LS-Means that have 
no superscript in common are significantly different from each other (Tukey-Kramer, P ≤ 0.05). 
The sow gestational diets were: MID-SOY (30% soy hulls-15% wheat middlings) and DDG-GM 
(30% DDGS-30% corn germ meal). Collection points were 24h pre-weaning (20d-of-age); 7d 
post-weaning (28d-of-age); 14d-of-age (35d-of-age). 
Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value); IgM = Immunoglobulin M 
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Figure 3.6. Main effects of sow social status on neutrophil and lymphocyte populations of their 
piglets (n = 42). 24h pre-weaning (P < 0.01; SEM = ±0.81; Panel A) and overall (P = 0.01; SEM 
= ±3.91; Panel A) piglets from SUB sows had the greatest neutrophil populations. These same 
piglets also had the greatest lymphocyte populations 24h pre-weaning (P = 0.02; SEM = ±0.51; 
Panel B) and overall (P = 0.05; SEM = ±2.39; Panel B).  
a,b
 LS-Means that have no superscript in 
common are significantly different from each other (Tukey-Kramer, P ≤ 0.05). Collection points 
were 24h pre-weaning (20d-of-age); 7d post-weaning (28d-of-age); 14d-of-age (35d-of-age). 
Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value) 
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Figure 3.7. Main effects of sow social status on immunoglobulin subset concentrations of their 
piglets (n = 42). 24h pre-weaning (P < 0.01; SEM = ±0.13; Panel B) and overall (P < 0.01; SEM 
= ±0.23; Panel B) piglets from SUB sows had the greatest IgG
2
 populations. These same piglets 
also had the lowest IgG
1
/IgG
2
 ratio 24h pre-weaning (P = 0.04; SEM = ±0.07; Panel C) and tended 
to have the lowest overall ratio (P = 0.10; SEM = ±0.12; Panel B). 
a,b
 LS-Means that have no 
superscript in common are significantly different from each other (Tukey-Kramer, P ≤ 0.05). * 
indicates the tendency to have the greatest measurement compared to all other combinations 
(Tukey-Kramer, P ≤ 0.10). Collection points were 24h pre-weaning (20d-of-age); 7d post-weaning 
(28d-of-age); 14d-of-age (35d-of-age). 
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Abbreviations: DOM = Dominant (Sows with the highest dominance value); SUB = Submissive 
(Sows with the lowest dominance value); IgG
1
 = Immunoglobulin G subset 1; IgG
2
 = 
Immunoglobulin G subset 2; IgG
1
/IgG
2
 = Immunogobulin G subset 1-to-Immunogobulin G subset 
2 ratio 
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Table 3.1. Composition of experimental diets fed during gestation 
Item 
Wheat middlings-soy bean hulls 
(MID-SOY) 
DDG-corn germ meal  
(DDG-GM) 
Ingredients, % 
Corn 38.90 33.65 
Soybean meal, 48% 12.50 2.50 
Soybean hulls 15.00 - 
Wheat middlings 30.00 - 
DDG - 30.00 
Corn germ meal - 30.00 
Soybean oil 1.00 1.00 
Limestone 1.30 1.60 
Dicalcium phosphate 0.60 0.55 
Salt 0.40 0.40 
Vitamin mineral premix 0.30 0.30 
Total 100.00 100.00 
Energy and Nutrients 
Energy, Kcal ME/kg 2999.00 3177.00 
Crude protein, % 13.78 18.96 
Calcium, % 0.78 0.78 
Phosphorus, % 0.61 0.66 
Phosphorus, digestible, % 0.34 0.34 
Acid detergent fiber, % 9.81 7.93 
Neutral detergent fiber, % 23.97 25.75 
Amino Acids 
Arginine, % 0.90 0.83 
Histidine, % 0.35 0.52 
Isoleucine, % 0.59 0.49 
Leucine, % 1.05 1.34 
Lysine, % 0.61 0.61 
Methionine, % 0.21 0.45 
Methionine + cysteine, % 0.46 0.66 
Phenylalanine, % 0.60 0.58 
Threonine, % 0.43 0.51 
Tryptophan, % 0.15 0.23 
Valine, % 0.59 0.59 
 
  
	
92	
	
 
  
Table 3.2. Interactive effects of sow social status × diet on immune and endocrine measures of their 
piglets (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB  
MID-SOY DDG-GM MID-SOY DDG-GM SEM 
Total WBC, 107 7.47 10.1 7.53 9.75 2.31 0.76 
Lymphocyte, 107 8.11 6.61 10.0 9.14 3.38 0.76 
Neutrophil, 107  8.35b  8.59b  8.48b  17.3a 5.51 0.01 
N/L ratio 1.35 1.46 1.04 2.46 1.00 0.04 
Lymphocytes, % 62.6 58.5 61.5 60.6 5.59 0.36 
Eosinophils, % 0.95 1.89 1.13 1.11 0.97 0.11 
Monocytes, % 2.56 2.75 2.56 4.37 2.12 0.21 
Banded Neutrophils, 
% 11.3 9.92 12.9 9.60 3.12 0.30 
Segmented 
Neutrophils, % 22.5 26.9 21.5 24.5 4.65 0.61 
Total Neutrophils, % 33.8 36.9 34.5 34.1 5.50 0.31 
ConA Proliferation, 
2.0 µg/mL 1.03 0.95 1.01 0.96 0.05 0.48 
ConA Proliferation, 
20.0 µg/mL 1.03 1.00 1.01 0.97 0.06 0.74 
LPS Proliferation, 5.0 
µg/mL 1.03 1.01 1.02 1.01 0.04 0.56 
LPS Proliferation, 
50.0 µg/mL 1.02 0.99 1.03 1.00 0.05 0.92 
Cortisol, ng/mL  11.6b   12.7a,b  14.0a   12.3a,b 2.33 0.05 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value of sow social status × diet effect 
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Table 3.3. Interactive effects of sow social status × diet on immunoglobulin measurements of their 
piglets (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB  
MID-SOY DDG-GM MID-SOY DDG-GM SEM 
IgM, mg/mL   10.0a,b   9.61a,b  10.6a  7.77b 1.58 0.01 
Total IgG, mg/mL 7.75 7.85 7.81 7.61 0.40 0.23 
IgG1, mg/mL 5.85 5.80 5.64 5.53 0.64 0.88 
IgG2, mg/mL 6.45 6.50 6.72 6.94 0.32 0.39 
IgG1/IgG2 0.92 0.89 0.83 0.80 0.16 0.92 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-
GM diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 
1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunogobulin G subset 1-to-Immunogobulin 
G subset 2 ratio 
3 Probability value of sow social status × diet effect 
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Table 3.4. Interactive effects of sow social status × diet on piglet performance measures (Least 
Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
Birth Weight, kg 1.43 1.48 1.40 1.66 0.06 0.14 
24h, Pre-Wean Weight, kg 6.88 6.72 6.32 7.29 0.23 0.04 
7d, Post-Wean Weight, kg 7.82 9.69 7.23 8.14 1.28 0.75 
14d, Post-Wean Weight, kg 10.14 9.24 9.68 9.99 0.30 0.09 
Average Weight, kg 6.57 6.78 6.16 6.77 0.35 0.63 
Weight Gain, Period 1, kg 5.44 5.23 4.92 5.62 0.20 0.05 
Weight Gain, Period 2, kg 0.95 2.98 0.92 0.85 1.30 0.49 
Weight Gain, Period 3, kg 2.32 -0.46 2.45 1.85 1.30 0.47 
Total Weight Gain, kg 8.71 7.75 8.28 8.32 0.27 0.11 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-
GM diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 Average Weight =	 birth+d20+d28+d35
4
; Weight Gain, Period 1 = (24h Pre-Wean – Birth); 
Weight Gain, Period 2 = (7d Post-Wean – 24h Pre-Wean); 
Weight Gain, Period 3 = (14d Post-Wean – 7d Post-Wean);
Total Weight Gain = (Weight Gain, Period 1 + Weight Gain, Period 2 + Weight Gain, Period 3); 
3Probability value for the sow social status × diet effect 
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Table 3.5. Main effects of sow social status on immune and endocrine measures of their 
piglets (Least Square Means)1 
Item2 
Social Status 
P-value3 DOM SUB SEM 
Total WBC, 107 8.80 8.64 1.64 0.84 
Lymphocyte, 107  7.36
b  9.57a 2.39 0.05 
Neutrophil, 107  8.47
b 12.9a 3.91 0.01 
N/L ratio 1.41 1.75 0.71 0.29 
Lymphocytes, % 60.6 61.0 3.96 0.80 
Eosinophils, % 1.42 1.12 0.69 0.34 
Monocytes, % 2.65 3.46 1.50 0.24 
Banded Neutrophils, % 10.6 11.3 2.21 0.50 
Segmented Neutrophils, % 24.7 23.0 3.30 0.26 
Total Neutrophils, % 35.3 34.3 3.90 0.56 
ConA Proliferation, 2.0 µg/mL 0.99 0.98 0.04 0.64 
ConA Proliferation, 20.0 µg/mL 1.02 0.99 0.04 0.16 
LPS Proliferation, 5.0 µg/mL 1.02 1.01 0.03 0.70 
LPS Proliferation, 50.0 µg/mL 1.01 1.01 0.04 0.68 
Cortisol, ng/mL 12.1 13.2 1.65 0.18 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with 
the lowest dominance value); (n = 42); 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = 
concanacalin-A; LPS = Lipopolysaccharide 
3 Probability value of sow social status effect 
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Table 3.6. Main effects of sow social status on immunoglobulin measurements of their piglets 
(Least Square Means)1 
Item2 
Social Status 
P-value3 DOM SUB SEM 
IgM, mg/mL 9.82 9.19 1.12   0.22 
Total IgG, mg/mL 7.80 7.71 0.28   0.49 
IgG1, mg/mL 5.82 5.59 0.46   0.26 
IgG2, mg/mL  6.48b  6.83a 0.23 < 0.01 
IgG1/IgG2 0.90 0.81 0.12   0.10 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with 
the lowest dominance value); (n = 42); 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G 
subset 1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunogobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value of sow social status effect 
 
  
	
97	
	
REFERENCES CITED 
Campbell, J. M., J. D. Crenshaw, and J. Polo. 2013. The biological stress of early weaned piglets. 
Journal of Animal Science and biotechnology 4: 1. 
Cooper, T., M. Roberts, H. Kattesh, and C. Kojima. 2009. Effects of transport stress, sex, and 
weaning weight on postweaning performance in pigs. The Professional Animal Scientist 
25: 189-194. 
Cyranowski, J. M. et al. 2007. Depressive symptoms and production of proinflammatory cytokines 
by peripheral blood mononuclear cells stimulated in vitro. Brain, behavior, and immunity 
21: 229-237. 
Dantzer, R. 1996. Stress and immunity: what have we learned from psychoneuroimmunology? 
Acta physiologica scandinavica. Supplementum 640: 43-46. 
Escobar, J., W. G. Van Alstine, D. H. Baker, and R. W. Johnson. 2004. Decreased protein accretion 
in pigs with viral and bacterial pneumonia is associated with increased myostatin 
expression in muscle. The Journal of nutrition 134: 3047-3053. 
Evoy, D., M. D. Lieberman, T. J. Fahey, and J. M. Daly. 1998. Immunonutrition: the role of 
arginine. Nutrition 14: 611-617. 
Finkelman, F. D. et al. 1990. Lymphokine control of in vivo immunoglobulin isotype selection. 
Annual review of immunology 8: 303-333. 
Friberg, D., J. Bryant, W. Shannon, and T. Whiteside. 1994. In vitro cytokine production by normal 
human peripheral blood mononuclear cells as a measure of immunocompetence or the state 
of activation. Clinical and diagnostic laboratory immunology 1: 261-268. 
Haussmann, M. et al. 2000. Administration of ACTH to restrained, pregnant sows alters their pigs' 
hypothalamic-pituitary-adrenal (HPA) axis. Journal of Animal Science 78: 2399-2411. 
Hessing, M., G. Coenen, M. Vaiman, and C. Renard. 1995. Individual differences in cell-mediated 
and humoral immunity in pigs. Veterinary immunology and immunopathology 45: 97-
113.a 
	
98	
	
Holtenius, K., K. P. Waller, B. Essen-Gustavsson, P. Holtenius, and C. H. Sandgren. 2004. 
Metabolic parameters and blood leukocyte profiles in cows from herds with high or low 
mastitis incidence. The Veterinary Journal 168: 65-73. 
Johnson, R., S. Arkins, R. Dantzer, and K. Kelley. 1997. Hormones, lymphohemopoietic cytokines 
and the neuroimmune axis. Comparative Biochemistry and Physiology Part A: Physiology 
116: 183-201. 
Kofman, O. 2002. The role of prenatal stress in the etiology of developmental behavioural 
disorders. Neuroscience & Biobehavioral Reviews 26: 457-470. 
Kojima, C., J. Carroll, R. Matteri, K. Touchette, and G. Allee. 2007. Effects of weaning and 
weaning weight on neuroendocrine regulators of feed intake in pigs. Journal of Animal 
Science 85: 2133-2139. 
Le Dividich, J., and B. Sève. 2000. Effects of underfeeding during the weaning period on growth, 
metabolism, and hormonal adjustments in the piglet. Domestic Animal Endocrinology 19: 
63-74.Li, P., Y.-L. Yin, D. Li, S. W. Kim, and G. Wu. 2007. Amino acids and immune 
function. British Journal of Nutrition 98: 237-252. 
McLachlan, J. B. et al. 2003. Mast cell–derived tumor necrosis factor induces hypertrophy of 
draining lymph nodes during infection. Nature immunology 4: 1199-1205. 
Niekamp, S., M. Sutherland, G. Dahl, and J. Salak-Johnson. 2006. Photoperiod influences the 
immune status of multiparous pregnant sows and their piglets. Journal of Animal Science 
84: 2072-2082. 
NRC. 2012. Nutritional requirements of swine. Natl. Acad. Press, Washington, DC. 
Puppe, B., and M. Tuchscherer. 1994. Social-Organization Structures in Intensively Kept Pigs. 3: 
Ethological Investigations on the Rank Order. Arch Tierzucht 37: 309-325. 
Ruiz, R. J., and K. C. Avant. 2005. Effects of maternal prenatal stress on infant outcomes: a 
synthesis of the literature. Advances in Nursing Science 28: 345-355. 
Salak-Johnson, J., A. DeDecker, M. Horsman, and S. Rodriguez-Zas. 2012. Space allowance for 
gestating sows in pens: Behavior and immunity. Journal of Animal Science 90: 3232-3242. 
	
99	
	
Sanders, V. M. 2006. Epigenetic regulation of Th1 and Th2 cell development. Brain, behavior, 
and immunity 20: 317-324. 
Song, M., and J. A. Kellum. 2005. Interleukin-6. Critical care medicine 33: S463-S465. 
Sutherland, M., S. Rodriguez-Zas, M. Ellis, and J. Salak-Johnson. 2005. Breed and age affect 
baseline immune traits, cortisol, and performance in growing pigs. Journal of Animal 
Science 83: 2087-2095. 
Tuchscherer, M., E. Kanitz, W. Otten, and A. Tuchscherer. 2002. Effects of prenatal stress on 
cellular and humoral immune responses in neonatal pigs. Veterinary immunology and 
immunopathology 86: 195-203. 
Weinstock, M. 1997. Does prenatal stress impair coping and regulation of hypothalamic-pituitary-
adrenal axis? Neuroscience & Biobehavioral Reviews 21: 1-10. 
Wirtz, P. H. et al. 2007. Variations in anticipatory cognitive stress appraisal and differential 
proinflammatory cytokine expression in response to acute stress. Brain, Behavior, and 
Immunity 21: 851-859. 
 
	
100	
	
APPENDIX A 
 
 
  
Table A1. Main effects of diet and feeding stall length interaction on immune and endocrine measures 
of their piglets 24h prior to weaning (Least Square Means)1 
Item2 
Diet 
P-value3 
Feeding Stall Length 
P-
value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Total WBC, 107 8.14 7.04 0.66 0.25 7.99 7.19 0.68 0.40 
Lymphocyte, 107 4.67 3.50 0.81 0.31 4.86 3.30 0.81 0.18 
Neutrophil, 107 6.16 5.78 1.37 0.85 9.01a 2.93b 1.37 < 0.01 
N/L ratio 2.24 4.23 1.36 0.31 5.23a 1.24b 1.36 < 0.05 
Lymphocytes, % 64.0 68.2 1.89 0.12 65.1 67.1 1.89 0.43 
Eosinophils, % 0.57 0.89 0.20 0.26 0.87 0.58 0.20 0.30 
Monocytes, % 4.70a 1.78b 0.60 < 0.01 2.82 3.65 0.61 0.34 
Banded 
Neutrophils, % 8.43 9.82 1.05 0.36 9.01 9.24 1.08 0.87 
Segmented 
Neutrophils, % 22.2 19.2 1.49 0.17 22.2 19.3 1.53 0.19 
Total Neutrophils, 
% 30.69 29.11 2.00 0.58 31.20 28.60 1.94 0.36 
ConA 
Proliferation, 2.0 
µg/mL 
1.17a 1.00b 0.03 < 0.01 1.12 1.05 0.03 0.08 
ConA 
Proliferation, 20.0 
µg/mL 
1.24 1.02 0.03 0.31 1.15a 1.11b 0.03 < 0.01 
LPS Proliferation, 
5.0 µg/mL 1.13 1.16 0.05 0.76 1.14 1.15 0.05 0.84 
LPS Proliferation, 
50.0 µg/mL 1.10
b 1.62a 0.08 < 0.01 1.33 1.39 0.08 0.59 
Cortisol, ng/mL 10.1b 17.6a 1.18 < 0.01 16.0a 11.7b 1.18 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A2. Main effects of diet and feeding stall length interaction on immunoglobulin measurements 
of their piglets 24h prior to weaning (Least Square Means)1 
Item2 
Diet P-
value3 
Feeding Stall Length P-
value4 MID-SOY DDG-GM SEM LNG SHT SEM 
IgM, mg/mL 7.78 7.46 0.15 0.14 7.85a 7.38b 0.15 0.03 
Total IgG, mg/mL 7.19 7.06 0.05 0.10 7.18 7.07 0.05 0.14 
IgG1, mg/mL 6.19 5.88 0.30 0.48 6.33 5.73 0.31 0.17 
IgG2, mg/mL 5.37 5.38 0.10 0.94 5.27 5.48 0.10 0.13 
IgG1/IgG2 1.16 1.11 0.06 0.57 1.21 1.06 0.06 0.09 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A3. Interactive effects of diet × feeding stall length on immune and endocrine of their piglets 
24h prior to weaning (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-
value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
Total WBC, 107 8.51 7.77 7.47 6.60 0.91 0.95 
Lymphocyte, 107 5.65 3.68 4.08 2.92 1.09 0.73 
Neutrophil, 107 7.90 4.42 10.1 1.43 1.84 0.19 
N/L ratio 2.66 1.81 7.80 0.67 1.92 0.11 
Lymphocytes, % 65.0 63.0 65.1 71.3 2.54 0.12 
Eosinophils, % 0.64 0.50 1.11 0.67 0.28 0.58 
Monocytes, % 4.09 5.30 1.56 2.00 0.82 0.65 
Banded Neutrophils, % 8.45 8.40 9.56 10.0 1.45 0.85 
Segmented Neutrophils, % 21.7 22.8 22.6 15.9 2.05 0.07 
Total Neutrophils, % 30.1 31.2 32.2 26.0 2.74 0.21 
ConA Proliferation, 2.0 µg/mL 1.22 1.12 1.03 0.98 0.04 0.57 
ConA Proliferation, 20.0 µg/mL 1.29 1.20 1.02 1.03 0.04 0.39 
LPS Proliferation, 5.0 µg/mL 1.10 1.17 1.17 1.14 0.08 0.48 
LPS Proliferation, 50.0 µg/mL 1.07 1.14 1.59 1.64 0.11 0.92 
Cortisol, ng/mL 12.9 7.29 19.0 16.2 1.58 0.39 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table A4. Interactive effects of diet × feeding stall length on immunoglobulin measurements of 
their piglets 24h prior to weaning (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
IgM, mg/mL 8.18 7.37 7.52 7.40 0.20 0.10 
Total IgG, mg/mL 7.25 7.12 7.11 7.01 0.07 0.83 
IgG1, mg/mL 6.03 6.34 6.63 5.13 0.43 0.04 
IgG2, mg/mL 5.34 5.40 5.20 5.57 0.14 0.25 
IgG1/IgG2   1.14a,b   1.18a,b  1.28a 0.94b 0.08 0.03 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 
40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 
1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value for the diet × feeding stall length effect 
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Table A5. Main effects of diet and feeding stall length interaction on immune and endocrine measures 
of their piglets at 7d post-weaning (Least Square Means)1 
Item2 
Diet 
P-
value3 
Feeding Stall Length 
P-
value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Total WBC, 107 7.51 7.28 0.49 0.74 7.59 7.20 0.50 0.58 
Lymphocyte, 107 11.9a 8.41b 1.19 0.04 10.5 9.79 1.19 0.66 
Neutrophil, 107 3.88b 8.41a 0.98 < 0.01 8.64a 3.64b 0.98 < 0.01 
N/L ratio 0.45b 1.40a 0.20 < 0.01 1.26a 0.59b 0.20 0.02 
Lymphocytes, % 64.9 60.5 2.34 0.19 65.7 59.7 2.40 0.08 
Eosinophils, % 0.81 1.13 0.25 0.39 1.03 0.91 0.26 0.73 
Monocytes, % 2.96 3.97 0.61 0.25 3.46 3.47 0.63 1.00 
Banded Neutrophils, % 7.00 7.96 0.89 0.45 6.88 8.08 0.92 0.35 
Segmented Neutrophils, % 24.2 26.4 2.10 0.46 22.8 27.7 2.16 0.11 
Total Neutrophils, % 31.1 34.3 2.28 0.33 29.7 35.8 2.34 0.07 
ConA Proliferation, 2.0 
µg/mL 1.02 1.00 0.02 0.32 1.00 1.02 0.02 0.69 
ConA Proliferation, 20.0 
µg/mL 1.18
a 1.02b 0.04 < 0.01 1.15 1.05 0.04 0.06 
LPS Proliferation, 5.0 
µg/mL 1.01
a 0.98b 0.01 0.05 0.99 1.00 0.01 0.46 
LPS Proliferation, 50.0 
µg/mL 1.00
a 0.98b 0.01 0.02 0.98 0.99 0.01 0.48 
Cortisol, ng/mL  11.0 10.8 0.55 0.79 11.3 10.5 0.57 0.31 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A6. Main effects of diet and feeding stall length interaction on immunoglobulin measurements 
of their piglets at 7d post-weaning (Least Square Means)1 
Item2 
Diet P-
value3 
Feeding Stall Length P-
value4 MID-SOY DDG-GM SEM LNG SHT SEM 
IgM, mg/mL 7.67 7.66 0.05 0.95 7.70 7.64 0.05 0.38 
Total IgG, mg/mL 7.14b 8.05a 0.12 < 0.01 8.03a 7.16b 0.12 < 0.01 
IgG1, mg/mL 8.66 8.77 0.06 0.18 8.73 8.70 0.06 0.65 
IgG2, mg/mL 7.44 7.58 0.09 0.30 7.63 7.40 0.09 0.08 
IgG1/IgG2 1.17 1.16 0.01 0.71 1.15 1.18 0.02 0.13 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A7. Interactive effects of diet × feeding stall length on immune and endocrine at 7d post-
weaning (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
Total WBC, 107 7.33 7.69 7.84 6.72 0.68 0.29 
Lymphocyte, 107 11.5 12.4 9.61 7.21 1.60 0.33 
Neutrophil, 107 5.69 2.07 11.6 5.22 1.32 0.32 
N/L ratio 0.71 0.20 1.82 0.99 0.27 0.57 
Lymphocytes, % 66.3 63.7 65.2 55.8 3.22 0.31 
Eosinophils, % 0.73 0.90 1.33 0.92 0.35 0.41 
Monocytes, % 2.82 3.10 4.11 3.83 0.84 0.75 
Banded Neutrophils, % 7.09 6.90 6.67 9.25 1.23 0.28 
Segmented Neutrophils, % 23.1 25.3 22.7 30.2 2.89 0.38 
Total Neutrophils, % 30.2 32.2 29.3 39.4 3.14 0.22 
ConA Proliferation, 2.0 µg/mL 1.02 1.03 0.99 1.00 0.03 0.99 
ConA Proliferation, 20.0 µg/mL 1.27 1.08 1.02 1.01 0.05 0.09 
LPS Proliferation, 5.0 µg/mL 1.01 1.01 0.97 0.99 0.01 0.40 
LPS Proliferation, 50.0 µg/mL 1.00 1.00 0.97 0.98 0.01 0.68 
Cortisol, ng/mL 11.3 10.8 11.4 10.3 0.77 0.72 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table A8. Interactive effects of diet × feeding stall length on immunoglobulin measurements of 
their piglets at 7d post-weaning (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
IgM, mg/mL 7.77 7.56 7.62 7.71 0.06   0.03 
Total IgG, mg/mL  7.21b  7.07b  8.85a  7.24b 0.16 < 0.01 
IgG1, mg/mL 8.73 8.60 8.74 8.80 0.08   0.25 
IgG2, mg/mL  7.80a  7.08b   7.45a,b  7.71a 0.19 < 0.01 
IgG1/IgG2  1.12b  1.22a   1.18a,b   1.14a,b 0.02 < 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n 
= 40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G 
subset 1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value for the diet × feeding stall length effect 
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Table A9. Main effects of diet and feeding stall length interaction on immune and endocrine measures 
of their piglets at 14d post-weaning (Least Square Means)1 
Item2 
Diet 
P-
value3 
Feeding Stall Length 
P-
value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Total WBC, 107 10.6 12.9 0.98 0.11 11.5 12.0 0.96 0.72 
Lymphocyte, 107 6.94b 15.4a 1.57 < 0.01 11.7 10.8 1.57 0.65 
Neutrophil, 107 11.2 10.7 1.76 0.84 12.7 9.22 1.76 0.16 
N/L ratio 1.96 0.94 0.39 0.07 1.75 1.15 0.39 0.27 
Lymphocytes, % 61.6 58.1 2.48 0.32 60.2 59.5 2.55 0.84 
Eosinophils, % 1.12 1.00 0.31 0.79 0.82 1.30 0.32 0.29 
Monocytes, % 5.23 3.40 0.94 0.18 4.01 4.63 0.96 0.64 
Banded Neutrophils, % 9.93b 14.2a 1.20 0.02 12.8 11.4 1.23 0.41 
Segmented Neutrophils, 
% 22.1 23.3 1.73 0.63 22.2 23.2 1.78 0.68 
Total Neutrophils, % 32.0 37.5 2.13 0.08 34.9 34.5 2.20 0.89 
ConA Proliferation, 2.0 
µg/mL 1.18
a 1.00b 0.05 0.02 1.03 1.15 0.05 0.14 
ConA Proliferation, 
20.0 µg/mL 1.11
a 1.02b 0.02 < 0.01 1.06 1.07 0.03 0.79 
LPS Proliferation, 5.0 
µg/mL 1.04 1.00 0.02 0.10 1.02 1.01 0.02 0.57 
LPS Proliferation, 50.0 
µg/mL 1.13
a 0.99b 0.03 < 0.01 1.06 1.06 0.03 0.82 
Cortisol, ng/mL 8.87b 11.8a 0.43 < 0.01 10.3 10.3 0.44 0.98 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A10. Main effects of diet and feeding stall length interaction on immunoglobulin measurements 
of their piglets at 14d post-weaning (Least Square Means)1 
Item2 
Diet P-
value3 
Feeding Stall Length P-
value4 MID-SOY DDG-GM SEM LNG SHT SEM 
IgM, mg/mL 8.34 8.44 0.06 0.31 8.47 8.31 0.07 0.07 
Total IgG, mg/mL 7.98 8.01 0.06 0.74 8.00 7.99 0.07 0.92 
IgG1, mg/mL 8.72 8.72 0.05 0.96 8.74 8.69 0.05 0.46 
IgG2, mg/mL 13.0 13.0 0.41 0.89 13.4 12.7 0.40 0.23 
IgG1/IgG2 0.68 0.69 0.02 0.87 0.67 0.70 0.02 0.28 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A11. Interactive effects of diet × feeding stall length on immune and endocrine of their 
piglets at 14d post-weaning (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
Total WBC, 107 11.4 9.84 11.6 14.1 1.35 0.15 
Lymphocyte, 107 8.18 5.70 15.1 15.6 2.10 0.51 
Neutrophil, 107 12.8 9.61 12.6 8.83 2.36 0.91 
N/L ratio 2.34 1.58 1.17 0.72 0.52 0.78 
Lymphocytes, % 57.2 65.4 62.5 53.8 3.43 0.02 
Eosinophils, % 0.64 1.60 1.00 1.00 0.43 0.29 
Monocytes, % 4.45 6.00 3.56 3.25 1.29 0.49 
Banded Neutrophils, 
% 12.5
a,b 7.40b 13.1a,b 15.3a 1.65 0.04 
Segmented 
Neutrophils, % 24.6 19.6 19.7 26.8 2.38 0.02 
Total Neutrophils, % 37.0a,b 27.00b 32.8a,b 42.1a 2.95 < 0.01 
ConA Proliferation, 
2.0 µg/mL 1.10
 1.27 0.96 1.03 0.07 0.53 
ConA Proliferation, 
20.0 µg/mL 1.12 1.11 1.00 1.03 0.03 0.68 
LPS Proliferation, 5.0 
µg/mL 1.03 1.05 1.02 0.97 0.02 0.23 
LPS Proliferation, 
50.0 µg/mL 1.13 1.13 1.00 0.98 0.04 0.84 
Cortisol, ng/mL 8.71 9.04 11.95 11.59 0.59 0.57 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; 
(n = 40) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = 
concanacalin-A; LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table A12. Interactive effects of diet × feeding stall length on immunoglobulin measurements of 
their piglets (Least Square Means) 14d post-weaning1 
Item2 
Diet | Feeding Stall Length 
P-value3 
MID-SOY DDG-GM 
SEM LNG SHT LNG SHT 
IgM, mg/mL 8.45 8.24 8.50 8.37 0.09 0.69 
Total IgG, mg/mL 8.01 7.96 8.00 8.03 0.09 0.61 
IgG1, mg/mL 8.77 8.66 8.71 8.73 0.07 0.34 
IgG2, mg/mL 14.4a  11.8b   12.4a,b   13.6a,b 0.57 < 0.01 
IgG1/IgG2  0.62b  0.75a   0.72a,b   0.66a,b 0.03 < 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried 
distiller grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 
40) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 
1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value for the diet × feeding stall length effect 
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Table A13. Main effects of diet and feeding stall length of sow during gestation on the performance 
measures of their piglets (Least Square Means)1 
Item2 
Diet 
P-
value3 
Feeding Stall Length 
P-
value4 
MID-
SOY 
DDG-
GM SEM LNG SHT SEM 
Litter Birth Weight, kg 19.70 20.00 1.10 0.68 19.7 20.0 1.10 0.75 
Total Born, No./litter 14.30 13.70 0.60 0.23 14.2 13.8 0.60 0.41 
Total Born Alive, 
No./litter 12.3 12.3 0.60 0.93 12.5 12.0 0.60 0.32 
Males, No./litter 5.73 6.07 0.30 0.33 6.13 5.67 0.30 0.18 
Females, No./litter 5.82 5.55 0.30 0.48 5.52 5.85 0.30 0.38 
Stillborn, No./litter 1.86 1.29 0.20 0.08 1.56 1.59 0.20 0.93 
Mummified, No./litter 0.14 0.16 0.07 0.69 0.15 0.16 0.07 0.90 
Laid-On, No./litter 0.88 0.88 0.10 0.97 0.84 0.92 0.10 0.67 
Euthanized, No./litter 0.80 1.08 0.30 0.17 0.91 0.96 0.30 0.81 
Total Mortality, 
No./litter 3.51 3.26 0.35 0.59 3.29 3.48 0.40 0.69 
Total Piglets Weaned, 
No./litter 10.9 10.5 0.30 0.11 10.8 10.6 0.30 0.42 
Litter Weaning 
Weight, kg 72.9 73.0 2.35 0.97 73.4 72.4 2.40 0.64 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 40) 
2 Total Mortality = (numbers of: stillborn + mummified + laid-on + euthanized)  
3 Probability value of dietary treatment 
4 Probability value of feeding stall length treatment 
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Table A14. Interactive effects of diet × feeding stall length of sows during gestation on the 
performance measures of their piglets (Least Square Means)1 
Item2 
Diet | Feeding Stall Length 
P-
value3 
MID-SOY DDG-GM 
LNG SHT LNG SHT SEM 
Litter Birth Weight, kg 19.4 19.9 20.4 19.5 1.22 0.34 
Total Born, No./litter 13.8 14.7 13.6 13.7 0.74 0.45 
Total Born Alive, No./litter 11.9 12.6 12.0 12.4 0.72 0.80 
Males, No./litter 5.64 5.82 5.70 6.44 0.37 0.42 
Females, No./litter 5.80 5.88 5.94 5.15 0.40 0.26 
Stillborn, No./litter 1.75 1.97 1.42 1.15 0.33 0.45 
Mummified, No./litter 0.13 0.15 0.18 0.15 0.09 0.66 
Laid-On, No./litter 0.84 0.91 1.00 0.76 0.21 0.47 
Euthanized, No./litter 0.80 0.80 1.13 1.03 0.33 0.83 
Total Mortality, No./litter 3.44 3.58 3.52 3.00 0.48 0.48 
Total Piglets Weaned, 
No./litter 10.2 11.0 10.0 10.5 0.38 0.70 
Litter Weaning Weight, kg 71.0 72.9 72.0 73.8 2.76 0.98 
1 MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM diet = 30% dried distiller 
grains and 30% corn germ meal; LNG = 1.8 m stall length; SHT = 0.6 m stall length 
2 Total Mortality = (numbers of: stillborn + mummified + laid-on + euthanized) 
3 Probability value for the diet × feeding stall length effect 
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Table B1. Main effects of sow social status on immune and endocrine measures of their piglets 24h 
pre-weaning (Least Square Means)1 
Item2 
Social Status 
P-value DOM SUB SEM 
Total WBC, 107 7.06 5.49 0.77 0.09 
Lymphocyte, 107  3.72b  5.35a 0.51 0.02 
Neutrophil, 107  5.18b  8.22b 0.81 0.01 
N/L ratio 1.75 1.72 0.31 0.96 
Lymphocytes, % 63.8 60.8 1.89 0.19 
Eosinophils, % 0.68 0.89 0.25 0.49 
Monocytes, % 2.29 2.53 0.64 0.76 
Banded Neutrophils, %  8.25b 11.6a 0.96 0.03 
Segmented Neutrophils, % 24.8 24.0 1.55 0.67 
Total Neutrophils, % 33.1 35.6 1.49 0.28 
ConA Proliferation, 2.0 µg/mL 1.04 1.03 0.02 0.61 
ConA Proliferation, 20.0 µg/mL 1.06 1.01 0.21 0.12 
LPS Proliferation, 5.0 µg/mL 1.03 1.02 0.01 0.37 
LPS Proliferation, 50.0 µg/mL 1.03 1.04 0.01 0.41 
Cortisol, ng/mL 12.3 12.9 0.80 0.59 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-
A; LPS = Lipopolysaccharide 
3 Probability value of sow social status effect 
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Table B2. Main effects of sow social status on immunoglobulin measurements of their 
piglets 24h pre-weaning (Least Square Means)1 
Item2 
Social Status P-
value3 DOM SUB SEM 
IgM, mg/mL 7.43 7.27 0.14 0.33 
Total IgG, mg/mL 7.40 7.32 0.12 0.55 
IgG1, mg/mL 3.81 3.43 0.24 0.33 
IgG2, mg/mL  4.41b  5.30a 0.13 < 0.01 
IgG1/IgG2  0.89a  0.66b 0.07 0.04 
a,b LS-Means that have no superscript in common are significantly different from each other 
(Tukey-Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows 
with the lowest dominance value); (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G 
subset 1; IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-
Immunogobulin G subset 2 ratio 
3 Probability value of sow social status effect 
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Table B3. Interactive effects of sow social status × diet on immune and endocrine measures of their 
piglets 24h pre-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
Total WBC, 107 6.85 7.27 6.36 4.62 0.91 0.29 
Lymphocyte, 107 3.35 4.14 4.08 6.33 0.64 0.21 
Neutrophil, 107  4.94b  5.43b  5.50b  10.9a 1.05 0.04 
N/L ratio 1.86 1.64 1.47 1.98 0.48 0.51 
Lymphocytes, % 64.5 63.2 62.6 58.8 2.67 0.64 
Eosinophils, % 1.05 0.31 1.00 0.78 0.28 0.45 
Monocytes, % 3.75 0.83 2.58 2.47 0.75 0.10 
Banded Neutrophils, % 8.21 8.29 10.5 12.7 1.30 0.77 
Segmented Neutrophils, % 22.3 27.3 22.4 25.6 1.73 0.76 
Total Neutrophils, % 30.5 35.6 32.9 38.4 2.18 0.94 
ConA Proliferation, 2.0 
µg/mL 1.09 0.99 1.03 1.02 0.02 0.14 
ConA Proliferation, 20.0 
µg/mL 1.08 1.04 1.02 1.01 0.03 0.62 
LPS Proliferation, 5.0 
µg/mL 1.04 1.03 1.03 1.02 0.01 0.85 
LPS Proliferation, 50.0 
µg/mL 1.03 1.03 1.05 1.04 0.01 0.90 
Cortisol, ng/mL  10.9b   13.7a,b  14.6a   11.1a,b 1.01 0.01 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the sow social status × diet effect 
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Table B4. Interactive effects of sow social status × diet on immunoglobulin measurements of their 
piglets 24h pre-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
IgM, mg/mL 7.53 7.34 7.48 7.06 0.20 0.55 
Total IgG, 
mg/mL 7.25 7.55 7.40 7.23 0.13 0.12 
IgG1, mg/mL 3.77 3.84 3.24 3.62 0.38 0.72 
IgG2, mg/mL 4.23 4.59 4.90 5.71 0.19 0.33 
IgG1/IgG2 0.94 0.85 0.68 0.64 0.09 0.86 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the sow social status × diet effect 
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Table B5. Interactive effects of sow social status × feeding stall length on immune and endocrine 
measures of their piglets 24h pre-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-value3 
DOM SUB 
SEM LNG SHT LNG SHT 
Total WBC, 107 6.53 7.59 4.46 6.52 0.85 0.64 
Lymphocyte, 107  3.73b  3.71b  7.23a  3.48b 0.60 0.02 
Neutrophil, 107 5.98 4.39 10.7 5.74 0.98 0.18 
N/L ratio 1.91 1.59 1.82 1.63 0.45 0.91 
Lymphocytes, % 62.2 65.5 58.4 62.9 2.67 0.84 
Eosinophils, % 1.07 0.29 0.89 0.89 0.38 0.26 
Monocytes, % 2.79 1.79 4.11 0.94 0.70 0.22 
Banded Neutrophils, % 9.39 7.11 14.1 9.11 1.31 0.67 
Segmented Neutrophils, % 24.4 25.3 22.9 25.1 1.72 0.83 
Total Neutrophils, % 33.7 32.4 37.0 34.2 2.16 0.78 
ConA Proliferation, 2.0 µg/mL 1.09 0.99 1.03 1.02 0.02 0.13 
ConA Proliferation, 20.0 
µg/mL  1.11
a 1.01b   1.00a,b   1.03a,b 0.02 0.05 
LPS Proliferation, 5.0 µg/mL 1.04 1.02 1.01 1.03 0.01 0.27 
LPS Proliferation, 50.0 µg/mL 1.04 1.03 1.07 1.02 0.01 0.20 
Cortisol, ng/mL 12.9 11.7 11.6 14.1 0.95 0.12 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table B6. Interactive effects of sow social status × feeding stall length on immunoglobulin 
measurements of their piglets 24h pre-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-value3 
DOM SUB 
SEM LNG SHT LNG SHT 
IgM, mg/mL 7.42 7.45 7.04 7.50 0.16 0.29 
Total IgG, 
mg/mL 7.50 7.30 7.29 7.35 0.13 0.41 
IgG1, mg/mL 3.62 4.00 3.39 3.47 0.35 0.73 
IgG2, mg/mL 4.57 4.25 5.48 5.12 0.19 0.92 
IgG1/IgG2 0.80 0.98 0.63 0.69 0.10 0.63 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the diet × feeding stall length effect 
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Table B7. Main effects of sow social status on immune and endocrine measures of their piglets 7d 
post-weaning (Least Square Means)1 
Item2 
Social Status 
P-value3 DOM SUB SEM 
Total WBC, 107 8.43 7.56 0.56 0.30 
Lymphocyte, 107 7.97 7.09 0.55 0.31 
Neutrophil, 107 9.18 11.3 1.60 0.39 
N/L ratio 1.21 1.83 0.28 0.12 
Lymphocytes, % 60.8 61.4 1.41 0.83 
Eosinophils, % 1.85 1.85 0.28 0.53 
Monocytes, % 3.31 4.31 0.63 0.43 
Banded Neutrophils, % 13.1 9.97 0.86 0.75 
Segmented Neutrophils, % 23.1 21.0 1.03 0.12 
Total Neutrophils, % 33.9 32.1 1.06 0.28 
ConA Proliferation, 2.0 µg/mL 0.94 0.95 0.01 0.53 
ConA Proliferation, 20.0 µg/mL 0.95 0.95 0.02 0.95 
LPS Proliferation, 5.0 µg/mL 1.00 1.01 0.15 0.59 
LPS Proliferation, 50.0 µg/mL 0.99 0.96 0.02 0.35 
Cortisol, ng/mL 13.1 12.5 0.85 0.55 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-
A; LPS = Lipopolysaccharide 
3 Probability value of sow social status effect 
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Table B8. Main effects of sow social status on immunoglobulin measurements of their piglets 7d 
post-weaning (Least Square Means)1 
Item2 
 Social Status 
P-value3 DOM SUB SEM 
IgM, mg/mL 7.39 7.25 0.06 0.14 
Total IgG, 
mg/mL 7.43 7.36 0.10 0.65 
IgG1, mg/mL 6.22 6.21 0.11 0.95 
IgG2, mg/mL 7.53 7.58 0.05 0.43 
IgG1/IgG2 0.83 0.82 0.02 0.77 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of sow social status effect 
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Table B9. Interactive effects of sow social status × diet on immune and endocrine measures of their 
piglets 7d post-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
Total WBC, 107 7.70 9.16 7.04 8.08 0.83 0.82 
Lymphocyte, 107 9.75 6.19 10.52 3.67 0.84 0.09 
Neutrophil, 107 8.40 9.96 5.92 16.7 2.47 0.10 
N/L ratio 0.82 1.61 0.71 2.95 0.35 0.10 
Lymphocytes, % 64.3 57.4 65.7 57.1 1.93 0.77 
Eosinophils, % 0.61 3.08 0.42 2.92 0.41 0.96 
Monocytes, % 2.28 4.33 2.04 6.57 0.91 0.30 
Banded Neutrophils, 
% 10.7 10.9 10.8 11.4 0.91 0.83 
Segmented 
Neutrophils, % 22.0 24.3 20.9 21.1 1.26 0.49 
Total Neutrophils, % 32.7 35.1 31.7 32.4 1.64 0.66 
ConA Proliferation, 
2.0 µg/mL 1.01 0.86 0.99 0.90 0.02 0.18 
ConA Proliferation, 
20.0 µg/mL 1.00 0.90 0.99 0.92 0.03 0.65 
LPS Proliferation, 5.0 
µg/mL 1.00 1.00 1.01 1.02 0.02 0.73 
LPS Proliferation, 
50.0 µg/mL 1.01 0.97 0.98 0.95 0.02 0.78 
Cortisol, ng/mL 13.8 12.4 14.9 10.1 1.03 0.15 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the sow social status × diet effect 
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Table B10. Interactive effects of sow social status × diet on immunoglobulin measures of their 
piglets 7d post-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 
DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
IgM, mg/mL  7.42a   7.36a,b  7.54a  6.96b 0.09 0.02 
Total IgG, 
mg/mL 7.45 7.40 7.49 7.23 0.15 0.54 
IgG1, mg/mL 6.05 6.40 6.30 6.12 0.16 0.18 
IgG2, mg/mL 7.61 7.45 7.62 7.54 0.09 0.60 
IgG1/IgG2 0.80 0.86 0.83 0.81 0.02 0.18 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the sow social status × diet effect 
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Table B11. Interactive effects of sow social status × feeding stall length on immune and endocrine 
measures of their piglets 7d post-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-
value3 
DOM SUB 
SEM LNG SHT LNG SHT 
Total WBC, 107 7.72 9.14 7.18 7.94 0.83 0.74 
Lymphocyte, 107  9.26a   6.68a,b  5.04b  9.15a 0.84 < 0.01 
Neutrophil, 107 11.3 7.01 14.7 7.90 2.47 0.67 
N/L ratio 1.25 1.17 2.34 1.31 0.35 0.30 
Lymphocytes, % 63.5 58.1 62.4 60.4 1.93 0.53 
Eosinophils, % 2.42 1.28 1.94 1.75 0.41 0.18 
Monocytes, % 3.17 3.44 3.40 5.21 0.92 0.53 
Banded Neutrophils, %  8.53b  13.0a   12.6a,b  9.50b 0.91 < 0.01 
Segmented Neutrophils, % 22.2 23.9 19.4 22.5 1.34 0.65 
Total Neutrophils, % 30.8 37.0 32.0 32.1 1.64 0.12 
ConA Proliferation, 2.0 
µg/mL 0.94 0.93 0.94 0.96 0.02 0.51 
ConA Proliferation, 20.0 
µg/mL 0.96 0.95 0.96 0.95 0.03 0.87 
LPS Proliferation, 5.0 µg/mL 1.01 1.00 1.03 1.00 0.02 0.70 
LPS Proliferation, 50.0 
µg/mL 1.01 0.97 0.97 0.96 0.02 0.64 
Cortisol, ng/mL 13.3 12.9 10.4 14.6 1.03 0.07 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the sow social status × diet effect 
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Table B12. Interactive effects of sow social status × feeding stall length on immunoglobulin 
measurements of their piglets 7d post-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-value3 
DOM SUB 
SEM LNG SHT LNG SHT 
IgM, mg/mL 7.19 7.59 7.12 7.38 0.09 0.53 
Total IgG, 
mg/mL 7.47 7.39 7.32 7.41 0.15 0.63 
IgG1, mg/mL 6.14 6.31 6.22 6.21 0.16 0.66 
IgG2, mg/mL 7.52 7.54 7.55 7.62 0.07 0.70 
IgG1/IgG2 0.82 0.84 0.82 0.82 0.03 0.62 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the sow social status × feeding stall length effect 
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Table B13. Main effects of sow social status on immune and endocrine measures of their piglets 
14d post-weaning (Least Square Means)1 
Item2 
 Social Status 
P-value3 DOM SUB SEM 
Total WBC, 107 11.2 12.0 0.75 0.44 
Lymphocyte, 107 11.8 12.4 1.40 0.77 
Neutrophil, 107 13.6 12.5 1.99 0.71 
N/L ratio 1.49 1.08 0.24 0.22 
Lymphocytes, % 56.9 60.9 1.83 0.78 
Eosinophils, % 1.64 0.89 0.32 0.63 
Monocytes, % 2.63 2.89 0.65 0.78 
Banded Neutrophils, % 12.7 10.9 0.79 0.14 
Segmented Neutrophils, % 26.0 24.4 1.48 0.50 
Total Neutrophils, % 39.0 34.8 1.84 0.19 
ConA Proliferation, 2.0 µg/mL 0.99 1.01 0.01 0.10 
ConA Proliferation, 20.0 µg/mL 1.03 1.02 0.02 0.42 
LPS Proliferation, 5.0 µg/mL 1.02 1.01 0.01 0.24 
LPS Proliferation, 50.0 µg/mL 1.01 1.00 0.01 0.88 
Cortisol, ng/mL 11.8 11.5 0.52 0.75 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-
A; LPS = Lipopolysaccharide 
3 Probability value of sow social status effect 
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Table B14. Main effects of sow social status on immunoglobulin measurements of their piglets 14d 
post-weaning (Least Square Means)1 
Item2 
 Social Status 
P-value3 DOM SUB SEM 
IgM, mg/mL 14.4 13.6 0.70 0.45 
Total IgG, mg/mL 8.53 8.59 0.14 0.76 
IgG1, mg/mL 7.37 7.29 0.09 0.60 
IgG2, mg/mL 7.51 7.56 0.04 0.36 
IgG1/IgG2 0.98 0.96 0.01 0.42 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value of sow social status effect 
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Table B15. Interactive effects of sow social status × diet on immune and endocrine measures of their 
piglets 14d post-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-value3 
DOM SUB 
SEM 
MID-
SOY 
DDG-
GM MID-SOY DDG-GM 
Total WBC, 107  8.21b   14.23a  9.20b 14.8a 1.05 0.88 
Lymphocyte, 107 12.7 10.9 15.3 9.59 2.16 0.42 
Neutrophil, 107 12.3 14.8 3.17 21.8 2.64 0.02 
N/L ratio 1.63 1.36 0.95 1.20 0.31 0.49 
Lymphocytes, % 59.0 54.8 56.2 65.5 2.51 0.04 
Eosinophils, % 0.78 1.92 1.96 1.21 0.46 0.08 
Monocytes, % 1.72 3.17 3.04 2.74 0.95 0.41 
Banded Neutrophils, 
%  14.9
a,c  10.7c  17.5a  4.35b 1.12 < 0.01 
Segmented 
Neutrophils, % 23.0 29.0 21.2 27.6 2.10 0.94 
Total Neutrophils, % 38.1 39.8 38.7 30.9 2.52 0.15 
ConA Proliferation, 
2.0 µg/mL 0.97 1.00 1.00 1.02 0.01 0.20 
ConA Proliferation, 
20.0 µg/mL 1.00 1.06 1.02 1.02 0.02 0.25 
LPS Proliferation, 5.0 
µg/mL  1.05
a  0.99b  1.02a  1.00b 0.01 0.08 
LPS Proliferation, 
50.0 µg/mL 1.02 0.99 1.06 0.95 0.02 0.15 
Cortisol, ng/mL 10.9 12.7 12.3 10.7 0.83 0.07 
a-c LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the sow social status × diet effect 
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Table B16. Interactive effects of sow social status × diet on immunoglobulin measures of their 
piglets 14d post-weaning (Least Square Means)1 
Item2 
Social Status | Diet 
P-
value3 DOM SUB 
SEM MID-SOY DDG-GM MID-SOY DDG-GM 
IgM, mg/mL   14.9a,b   13.9a,b  16.8a  10.3b 1.08 0.03 
Total IgG, 
mg/mL 8.52 8.55 8.54 8.64 0.21 0.91 
IgG1, mg/mL 7.65 7.09 7.38 7.20 0.16 0.29 
IgG2, mg/mL 7.53 7.49 7.63 7.49 0.05 0.36 
IgG1/IgG2 1.02 0.95 0.97 0.96 0.02 0.18 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the sow social status × diet effect 
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Table B17. Interactive effects of sow social status × feeding stall length on immune and endocrine 
measures of their piglets 14d post-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-
value3 
DOM SUB 
SEM LNG SHT LNG SHT 
Total WBC, 107 10.4 11.6 11.3 13.6 1.05 0.43 
Lymphocyte, 107 8.62 15.0 8.79 16.1 2.16 0.86 
Neutrophil, 107   11.1a,b   13.2a,b  9.95b  21.8a 2.90 0.02 
N/L ratio 1.83 1.15 0.61 1.55 0.31 0.05 
Lymphocytes, % 60.0 53.8 66.4 55.4 2.51 0.57 
Eosinophils, % 1.17 2.11 0.40 1.38 0.46 0.26 
Monocytes, % 1.50 3.39 2.07 4.60 0.95 0.50 
Banded Neutrophils, %   10.8a,b  14.7a  7.74b  14.1a 1.12 0.40 
Segmented Neutrophils, % 26.3 25.6 24.3 24.4 2.10 0.89 
Total Neutrophils, % 37.3 40.6 31.1 38.6 2.52 0.60 
ConA Proliferation, 2.0 µg/mL 0.98 1.00 1.03 0.99 0.01 0.07 
ConA Proliferation, 20.0 µg/mL 1.05 1.01 1.02 1.01 0.02 0.58 
LPS Proliferation, 5.0 µg/mL 1.03 1.02 1.00 1.02 0.01 0.14 
LPS Proliferation, 50.0 µg/mL 1.01 1.01 0.95 1.05 0.02 0.06 
Cortisol, ng/mL 11.5 12.1 9.80 13.3 0.81 0.14 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 N/L Ratio = Neutrophil-to-Lymphocyte Ratio; WBC = White Blood Cell; ConA = concanacalin-A; 
LPS = Lipopolysaccharide 
3 Probability value for the diet × feeding stall length effect 
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Table B18. Interactive effects of sow social status × feeding stall length on immunoglobulin 
measurements of their piglets 14d post-weaning (Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-value3 
DOM SUB 
SEM LNG SHT LNG SHT 
IgM, mg/mL 14.6 14.1 13.5 13.6 1.08 0.83 
Total IgG, 
mg/mL 8.66 8.43 8.58 8.59 0.21 0.60 
IgG1, mg/mL  7.89a  7.19b   6.40a,b   7.37a,b 0.16 0.02 
IgG2, mg/mL 7.55 7.47 7.54 7.58 0.08 0.31 
IgG1/IgG2  1.03a  0.94b   0.96a,b   0.97a,b 0.02 0.04 
a,b LS-Means that have no superscript in common are significantly different from each other (Tukey-
Kramer, P ≤ 0.05) 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); LNG = 1.8 m stall length; SHT = 0.6 m stall length; (n = 42) 
2 IgM = Immunoglobulin isotype M; IgG = Immunoglobulin G; IgG1 = Immunoglobulin G subset 1; 
IgG2 = Immunoglobulin G subset 2; IgG1/IgG2 = Immunoglobulin G subset 1-to-Immunogobulin G 
subset 2 ratio 
3 Probability value for the sow social status × feeding stall length effect 
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Table B19. Main effects of sow social status on litter productivity (Least Square Means)1 
Item2 
Social Status   
SEM P-value3 DOM SUB 
Litter Birth Weight, kg 18.0 18.7 1.72 0.81 
Total born, No./litter 15.2 14.0 1.44 0.60 
Total born alive, No./litter 13.0 12.2 1.06 0.67 
Males, No./litter 5.13 6.00 0.75 0.48 
Females, No./litter 15.2 14.0 0.62 0.14 
Stillborn, No./litter 2.13 1.75 0.59 0.70 
Mummified, No./litter 0.13 0.00 0.10 0.45 
Laid-on, No./litter 0.75 1.38 0.39 0.34 
Euthanized, No./litter 1.50 0.88 0.34 0.28 
Total Mortality, No./litter 4.50 4.00 0.90 0.73 
Total piglets weaned, No./litter 10.6 9.88 0.56 0.42 
Litter weaning weight, kg 74.8 74.2 4.27 0.93 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); (n = 42) 
2 Total Mortality = (numbers of: stillborn + mummified + laid-on + euthanized) 
3 Probability value of sow social status effect 
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Table B20. Main effects of sow social status on piglet performance measures (Least Square Means)1 
Item2 
Social Status1   
SEM P-value3 DOM SUB 
Birth Weight, kg 1.46 1.53 0.04 0.33 
24h, Pre-Wean Weight, kg 6.80 6.80 0.16 0.99 
7d, Post-Wean Weight, kg 8.76 7.68 0.90 0.48 
14d, Post-Wean Weight, kg 9.69 9.83 0.21 0.69 
Average Weight, kg 6.68 6.46 0.25 0.61 
Weight Gain, Period 1, kg 5.34 5.27 0.14 0.77 
Weight Gain, Period 2, kg 1.96 0.88 0.92 0.48 
Weight Gain, Period 3, kg 0.93 2.15 0.92 0.43 
Total Weight Gain, kg 8.23 8.30 0.19 0.82 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value);  
2 Average Weight =	 birth+d20+d28+d35
4
; Weight Gain, Period 1 = (24h Pre-Wean – Birth); 
Weight Gain, Period 2 = (7d Post-Wean – 24h Pre-Wean); 
Weight Gain, Period 3 = (14d Post-Wean – 7d Post-Wean);
Total Weight Gain = (Weight Gain, Period 1 + Weight Gain, Period 2 + Weight Gain, Period 3); 
3 Probability value for the sow social status × diet effect 
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Table B21. Interactive effects of sow social status × diet on litter productivity traits (Least Square 
Means)1 
Item2 
Social Status | Diet 
P-
value2 
DOM SUB 
SEM 
MIDD-
SOY DDG-GM 
MIDD-
SOY DDG-GM 
Litter Birth Weight, 
kg 16.2 19.8 15.6 21.8 2.43 0.66 
Total Born, No./litter 14.2 16.2 12.5 15.5 2.03 0.83 
Total Born Alive, 
No./litter 12.0 14.0 10.5 14.0 1.50 0.67 
Males, No./litter 4.00 6.25 6.00 6.00 1.06 0.37 
Females, No./litter 16.2 14.2 15.5 12.5 2.03 0.09 
Stillborn, No./litter 2.25 2.00 2.00 1.50 0.84 0.90 
Mummified, No./litter 0.00 0.25 0.00 0.00 0.14 0.45 
Laid-On, No./litter 0.75 0.75 1.25 1.50 0.55 0.84 
Euthanized, No./litter 1.25 1.75 0.25 1.50 0.49 0.51 
Total Mortality, 
No./litter 4.25 4.75 3.50 4.50 1.27 0.86 
Total Piglets Weaned, 
No./litter 10.0 11.2 8.75 11.0 0.79 0.59 
Litter Weaning 
Weight, kg 70.7 79.0 64.0 84.5 6.04 0.39 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; DDG-GM 
diet = 30% dried distiller grains and 30% corn germ meal; (n = 42) 
2 Total Mortality = (numbers of: stillborn + mummified + laid-on + euthanized) 
3 Probability value for the sow social status × diet effect 
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Table B22. Interactive effects of sow social status × feeding stall length on litter productivity traits 
(Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-
value3 
DOM SUB 
SEM LNG SHT LNG SHT 
Litter Birth Weight, kg 19.9 16.1 20.2 17.2 2.43 0.88 
Total Born, No./litter 17.0 13.5 13.1 14.8 2.03 0.27 
Total Born Alive, No./litter 14.2 11.7 12.9 11.5 1.50 0.73 
Males, No./litter 5.00 5.25 6.33 5.67 1.06 0.70 
Females, No./litter 17.0 13.5 13.1 14.8 2.03 0.83 
Stillborn, No./litter 2.50 1.75 0.25 3.25 0.84 0.07 
Mummified, No./litter 0.25 0.00 0.00 0.00 0.14 0.43 
Laid-On, No./litter 1.00 0.50 1.04 1.71 0.55 0.89 
Euthanized, No./litter 2.25 0.75 1.21 0.54 0.49 0.45 
Total Mortality, No./litter 6.00 3.00 2.50 5.50 1.27 0.06 
Total Piglets Weaned, 
No./litter 11.0 10.2 10.7 9.04 0.79 0.61 
Litter Weaning Weight, kg 79.5 70.2 82.7 65.8 7.19 0.57 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value); MID-SOY diet = 30% wheat middlings and 15% soybean hulls; LNG = 1.8 
m stall length; SHT = 0.6 m stall length; (n = 42) 
2 Total Mortality = (numbers of: stillborn + mummified + laid-on + euthanized) 
3 Probability value for the sow social status × feeding stall length effect 
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Table B23. Interactive effects of sow social status × feeding stall length on litter productivity traits 
(Least Square Means)1 
Item2 
Social Status | Feeding Stall Length 
P-value3 
DOM SUB 
SEM LNG SHT LNG SHT 
Birth Weight, kg 1.52 1.40 1.65 1.41 0.06 0.43 
24h, Pre-Wean Weight, kg 6.90 6.70 7.40 6.21 0.23 0.07 
7d, Post-Wean Weight, kg 7.84 9.68 8.34 7.03 1.25 0.30 
14d, Post-Wean Weight, kg 10.0 9.37 10.6 9.03 0.30 0.17 
Average Weight, kg 6.56 6.79 7.01 5.92 0.34 0.12 
Weight Gain, Period 1, kg 5.38 5.30 5.75 4.80 0.19 0.06 
Weight Gain, Period 2, kg 0.95 2.98 0.94 0.83 1.27 0.48 
Weight Gain, Period 3, kg 2.16 -0.30 2.30 2.00 1.27 0.48 
Total Weight Gain, kg 8.49 7.98 8.99 7.62 0.26 0.18 
1 DOM = Dominant (Sows with the highest dominance value); SUB = Submissive (Sows with the 
lowest dominance value);  
2 Average Weight =	 birth+d20+d28+d35
4
; Weight Gain, Period 1 = (24h Pre-Wean – Birth); 
Weight Gain, Period 2 = (7d Post-Wean – 24h Pre-Wean); 
Weight Gain, Period 3 = (14d Post-Wean – 7d Post-Wean);
Total Weight Gain = (Weight Gain, Period 1 + Weight Gain, Period 2 + Weight Gain, Period 3); 
3 Probability value for the sow social status × diet effect 
 
 
 
 
